















Zur Erlangung des akademischen Grades 
Doktor rerum naturalium 






















Gutachter :  Professor Dr. Gerold Barth, Technische Universität Dresden 
Dr. Wolfgang Zachariae, Max Planck Institut für Zellbiologie und                 
Genetik Dresden 
  Professor Dr. Christian Lehner, Universität Bayreuth 
 
Eingereicht am 13.12.2005 
 




Oelschlaegel, T., Schwickart, M., Matos, J., Bogdanova, A., Camasses, A., Havlis, 
J., Shevchenko, A., and Zachariae, W. (2005). The yeast APC/C subunit Mnd2 
prevents premature sister chromatid separation triggered by the meiosis-specific 
APC/C-Ama1. Cell 120, 773-788. 
 
Schwickart, M., Havlis, J., Habermann, B., Bogdanova, A., Camasses, A., 
Oelschlaegel, T., Shevchenko, A., and Zachariae, W. (2004). Swm1/Apc13 is an 
evolutionarily conserved subunit of the anaphase-promoting complex stabilising 






2005 ELSO Conference, Dresden, Germany 
Poster: ” Mnd2 protects cohesion during early meiosis by inhibition of the 
meiosis-specific APC/C-Ama1” 
 
2005 EMBO workshop on Meiotic Divisions and Checkpoints, Cargese, France 
Talk: “The yeast APC/C subunit Mnd2 inhibits premature activation of the 
meiosis-specific APC/C-Ama1” 
 
2004 ELSO Conference Nice, France 










Table of contents 
 
Zusammenfassung        7 
Abstract          8 
Introduction         9 
 Regulation of the mitotic cell cycle     10 
  The APC/C is an ubiquitin ligase     10 
  Subunit composition of the APC/C    11 
  Substrate recognition of the APC/C    13 
  Regulation of APC/C activity during the mitotic cell cycle 14 
  Chromosome segregation during mitosis   16 
 Chromosome segregation during meiosis    19 
  The meiotic cohesin complex     19 
  Recombination during prophase     20 
  Mono-orientation of sister kinetochores during meiosis I 22 
  Step-wise loss of cohesion      23 
  Meiosis-specific regulation of the APC/C   24 
Contributions         27 
Results          28 
 Mnd2 is associated with the meiotic APC/C    28 
 Mnd2 is required for the accumulation of Pds1 during premeiotic  
S- and prophase of meiosis I      30 
 
Mnd2 is required to prevent premature sister chromatid separation  
 4 
during premeiotic S- and prophase I     33 
Analysis of meiotic mnd2∆ cells undergoing nuclear division  35 
Mnd2 is required to prevent premature cleavage of Rec8 by  
separase         39 
Lack of Pds1 during premeiotic S- and prophase I causes  
premature separation of sister chromatids    42 
Mnd2 prevents premature APC/C-dependent proteolysis of Pds1 44 
Reduced APC/C-activity restores meiotic nuclear divisions in  
mnd2∆ cells         46 
Mnd2 inhibits the activity of the meiosis-specific APC/C-Ama1 48 
APC/C-Cdh1 and APC/C-Cdc20 do not contribute to premature  
Pds1 degradation in mnd2∆ cells      51 
Mnd2 inhibits APC/C activity induced by Ama1 expression in  
mitotic cells         54 
Mnd2 inhibits the assembly and the ubiquitin ligase activity of 
APC/C-Ama1        55 
Ama1 contributes to the destruction of Pds1 during meiosis I and   
is required after meiosis II for sporulation    58 
Regulation of Mnd2        60 
Mnd2-independent regulation of APC/C-Ama1   62 
Discussion          64 
 Cohesion must be protected during premeiotic S- and prophase I 64 
 Lack of Pds1 in meiotic mnd2∆ cells promotes premature separation  
 of sister chromatids        66 
 Mnd2 inhibits specifically APC/C-Ama1    67 
 Mnd2 is an inhibitory subunit of the APC/C    68 
 5 
 Mechanism of APC/C-Ama1’s inhibition by Mnd2   68 
 Regulation of APC/C-Ama1      69 
 Role of APC/C-Ama1 during meiosis     71 
 Identification of APC/C-Ama1 substrates    72 
 Evidence for a separase substrate that is required for chromosome 
 synapsis         73 
 Implications for the regulation of meiotic chromosome segregation 74 
 Conservation of Mnd2 throughout evolution    75 
Material and Methods        76 
 Yeast strains         76 
 Construction of yeast strains      76 
 Meiotic time course experiments      77 
 Cellular DNA content       78 
 Indirect immunofluorescence      78 
 Monitoring meiotic nuclear divisions     78 
 Monitoring sister chromatid separation     78 
 Chromosome spreading       79 
Analysis of proteins        80 
Antibodies         80 
Phosphatase assay        80 
Table 1. S. cerevisiae strains       82 
 
Abbreviations         89 
References          91 
 6 
Acknowledgements        104 





Die Meiose ist ein spezialisierter Zellzyklus, der zum Ziel hat haploide Gameten 
aus diploiden Vorläuferzellen zu produzieren. Dafür erfolgen nach der prä-
meiotischen DNA Replikation zwei aufeinanderfolgende Kernteilungen. In der 
ersten meiotischen Teilung erfolgt die Trennung der homologen Chromosomen. 
In einer zweiten meiotischen Teilung werden dann die Schwesterchromatiden 
getrennt. Die Trennung der Chromosomen wird durch den Anaphase-Promoting 
Complex oder Cyclosome (APC/C), einer Ubiquitin Ligase, reguliert. Der 
APC/C initiiert den Abbau von Securin/Pds1, einem Inhibitor der Thiol-
Protease Separase, welche für die Trennung der Chromosomen zum Beginn der 
Anaphase verantwortlich ist. 
In einer im Vergleich zur Mitose extrem langen meiotischen Prophase I findet 
Rekombination zwischen maternalen und paternalen Chromosomen statt. Für 
diesen Vorgang, sowie für die beiden folgenden meiotischen Teilungen, wird 
Kohäsion zwischen den Schwesterchromatiden benötigt. Ein frühzeitiger Verlust 
der Kohäsion führt zur frühzeitigen Trennnung der Schwesterchromatiden, 
wodurch aneuploide Gameten produziert werden können. Daher muss die 
Aktivität des APC/C während der meiotischen Prophase I inhibiert werden. Wie 
der APC/C während der Prophase I inaktiviert wird, war bisher unbekannt.  
Einsicht in dieses Problem ergab sich aus der Untersuchung der APC/C 
Untereinheit Mnd2 aus der Bäckerhefe Saccharomyces cerevisiae. Es wird gezeigt, 
dass Mnd2 für den Verbleib der Kohäsion zwischen den Schwesterchromatiden 
während der meiotischen S- und Prophase I benötigt wird. Während dieser 
Phase verhindert Mnd2 die frühzeitige Aktivierung der Meiose-spezifischen 
Form des APC/C-Ama1. In meiotischen Zellen, die kein Mnd2 besitzen, löst das 
APC/C-Ama1 Enzym die Ubiquitin-abhängige Zerstörung von Pds1 aus. Dies 
führt zu einer frühzeitigen Aktivierung von Separase, welches die Trennung der 
Schwesterchromatiden schon während der meiotischen S- und Prophase I zur 
Folge hat. Die korrekte Verteilung der Chromosomen hängt daher sowohl von 




Meiosis is a specialized cell cycle, which generates haploid gametes from diploid 
parental cells. During meiosis one round of cohesion establishment during 
premeiotic DNA replication mediates two rounds of chromosome segregation. 
During meiosis I homologous chromosomes separate, whereas sister chromatids 
segregate during the second meiotic division without an intervening round of 
DNA replication. Both rounds of chromosome segregation are triggered by an 
ubiquitin ligase called the Anaphase-Promoting Complex or Cyclosome 
(APC/C). APC/C-dependent destruction of securin/Pds1 is required to activate 
separase, a thiol protease that mediates chromosome segregation by cleavage of 
the cohesin complex. The first meiotic division is preceded by an extended 
prophase I, during which maternal and paternal chromatids undergo 
recombination. The persistence of cohesion during premeiotic S- and prophase I 
is essential for recombination and both meiotic nuclear divisions. In order to 
prevent premature loss of cohesion, the APC/C has to be inactivated during 
early meiosis. How the APC/C is kept inactive during premeiotic S- and 
prophase I was unknown. 
This question has been addressed by studying the APC/C subunit Mnd2 from 
the budding yeast Saccharomyces cerevisiae. This work demonstrates that Mnd2 is 
required for the persistence of cohesion during premeiotic S- and prophase I. 
Mnd2 prevents premature activation of the APC/C by the meiosis-specific 
substrate recognition factor Ama1. In cells lacking Mnd2, the APC/C-Ama1 
enzyme triggers premature ubiquitin-dependent degradation of Pds1, which 
leads to premature separation of sister chromatids due to an unrestrained 
activity of separase. Thus, chromosome segregation during meiosis depends on 







 The survival of all organisms relies on the faithful propagation of their genomes 
from one generation to the next. In order to accomplish this, eukaryotic cells 
depend on the duplication of their genome and the distribution of each copy to 
the progeny. Therefore, DNA replication has to be strictly linked to cell division. 
In this way cells ensure that the size of the genome is maintained. This canonical 
alternation between DNA-replication and cell division creates a cycle called the 
mitotic cell cycle.  
However, sexually reproducing organisms also rely on the production of haploid 
gametes from diploid precursor cells. This is achieved in a specialized cell cycle 
termed meiosis. In contrast to mitosis during which the copy number of the 
genome remains stable. The production of gametes, the products of the meiotic 
cell cycle, requires that the genome is reduced in half. This reduction of 
chromosome number is achieved by one round of DNA replication followed by 
two consecutive rounds of chromosome segregation without any intervening 
round of DNA replication. During the first round of chromosome segregation, 
meiosis I, maternal and paternal homologous chromosomes are separated. As a 
result, the chromosome number is halved. Therefore, the first meiotic division is 
also termed the reductional division. During the second round of chromosome 
segregation, meiosis II, sister chromatids segregate and the chromosome number 
remains constant. Thus, meiosis II is an equational division (Petronczki et al., 
2003). Failures in chromosome segregation result in aneuploidy, a major cause of 
miscarriages and birth defects in humans (Hassold and Hunt, 2001). 
In order to understand the molecular mechanisms that regulate chromosome 
segregation during meiosis, it is useful to first consider the principles of 







Regulation of the mitotic cell cycle  
Progression through the eukaryotic cell cycle depends on the coordination of the 
activity of two key regulators: Cyclin-dependent kinases (Cdks), and ubiquitin 
ligases. High Cdk activity results from the association of the regulatory subunit, 
the cyclin, with its catalytical subunit, the Cdk. In animal cells, Cdk4 and Cdk6, 
together with D-type cyclins are active in G1; Cdk2 with A-type and E-type 
cyclins promotes DNA replication; and Cdk1 together with B-type cyclins 
promotes entry into mitosis (Pagano and Jackson, 2004). In both budding and 
fission yeast, a single Cdk, Cdc28 in Saccharomyces cerevisiae, is bound to S-phase-
and M-phase-specific B-type cyclins to induce chromosome duplication and 
mitosis, respectively. S-phase is initiated by the accumulation of the S-phase 
promoting cyclins Clb5 and Clb6 (Schwob and Nasmyth, 1993). The 
accumulation of the M-phase promoting cyclins Clb1-Clb4 promotes entry into 
mitosis. In contrast, low levels of Cdk activity are required in order to exit from 
mitosis. Low levels of Cdk activity are achieved by the destruction of the cyclins. 
Destruction of the B-type cyclins is initiated by a multi-subunit complex called 
the Anaphase Promoting Complex or Cyclosome (APC/C) (Irniger et al., 1995). 
Hence, the APC/C is required to exit from mitosis. Aside from mediating the 
destruction of cyclins, the APC/C is responsible to trigger the destruction of the 
anaphase inhibitor securin/Pds1. The APC/C-dependent destruction of 
securin/Pds1 is essential to promote sister chromatid separation at the 
metaphase-to-anaphase transition (Cohen-Fix et al., 1996; Funabiki et al., 1996b; 
Leismann et al., 2000; Zou et al., 1999) (see below). 
In addition to securin/Pds1 and cyclins, the APC/C also mediates the 
destruction of other proteins, including the spindle-associated protein Ase1 
(Juang et al., 1997) and the kinesins Kip1 (Gordon and Roof, 2001) and Cin8 
(Hildebrandt and Hoyt, 2001).  
 
The APC/C is an ubiquitin ligase 
The APC/C is a highly conserved ubiquitin ligase (E3) and catalyzes the 
formation of poly-ubiquitin chains on its substrates, thereby targeting the 
substrates for destruction by the 26 S proteasome (King et al., 1995; Zachariae 
and Nasmyth, 1996). The poly-ubiquitination reaction requires the activity of at 
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least two other enzymes: the ubiquitin-activating enzyme (E1) and the ubiquitin-
conjugating enzyme (E2). The E1 enzyme transfers the activated ubiquitin 
residues to the E2 ubiquitin-conjugating enzyme, which then together with the 
ubiquitin-protein ligase (E3) is responsible for the formation of poly-ubiquitin 
chains on the substrate (Hershko and Ciechanover, 1998) (Figure 1).  
 
 
Figure 1. The APC/C is an E3 ubiquitin ligase in the ubiquitin-proteasome pathway 
APC/C mediated proteolysis of proteins requires the ATP-dependent transfer of ubiquitin first to 
a cysteine residue of an ubiquitin-activating enzyme (E1) and then ubiquitin to an ubiquitin-
conjugating enzyme (E2). The E2 together with the ubiquitin ligase (E3), the APC/C, catalyze the 
transfer of ubiquitin to a lysine residue in a substrate, in this case securin/Pds1. Formation of 




Cells usually possess only a single conserved ubiquitin-activating enzyme and a 
few related ubiquitin-conjugating enzymes, whereas ubiquitin ligases display a 
great diversity, ranging from single proteins to multisubunit complexes. The 
large diversity of the E3 enzymes reflects that these enzymes are responsible to 
mediate timing and substrate specificity in the ubiquitin-proteasome pathway. 
 
Subunit composition of the APC/C 
The APC/C is an unusually complex ubiquitin ligase. In S. cerevisiae the APC/C 
consists of at least 13 subunits including Apc1, Apc2, Cdc16, Cdc27, Apc4, Apc5, 
Cdc23, Apc9, Doc1, Apc11, Cdc26, Apc13/Swm1 and Mnd2 (Passmore et al., 
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2003; Schwickart et al., 2004; Yoon et al., 2002b). The complexity of the APC/C is 
surprising because many other ubiquitin ligases consist only of a single or a few 
subunits, indicating that the ubiquitin ligase reaction does not require complex 
multi-subunit enzymes. The reason for the complexity of the APC/C remains 
mysterious and the molecular function of many APC/C subunits is still 
unknown. Many subunits of the APC/C remain to be characterized in more 
detail. Nevertheless, some APC/C subunits have been well studied and their 
molecular function within the APC/C is known. Two APC/C subunits, Apc2 
and Apc11, show homology to subunits of a related E3 ubiquitin ligase, the SCF 
(Skp1-cullin-F-box protein) (Feldman et al., 1997; Skowyra et al., 1997), helping to 
identify the catalytical core of the APC/C. Apc2 is related to the SCF’s Cdc53 
subunit and both belong to the cullin family of proteins (Yu et al., 1998; 
Zachariae et al., 1998b). Apc11 shows homology to SCF’s Hrt1 subunit, which is 
also called Rbx1 and Roc1: both proteins share the RING H2-finger domain 
(Zachariae et al., 1998b). RING finger proteins like the SCF’s Hrt1 are able to 
mediate ubiquitination reactions in vitro (Kamura et al., 1999; Lorick et al., 1999; 
Seol et al., 1999; Skowyra et al., 1999; Tan et al., 1999). The SCF cullin subunit 
Cdc53 binds directly to the RING finger Hrt1 and via Skp1 to a F-box protein that 
is responsible for substrate recruitment. Therefore, cullins may help to bring 
substrates to the RING finger (Deshaies, 1999). Similar to Hrt1, APC/C’s RING 
finger subunit, Apc11, is sufficient to ubiquitinate substrate proteins in vitro 
(Gmachl et al., 2000). Like Cdc53 and Hrt1/Rbx1/Roc1 from the SCF, Apc11 and 
Apc2 directly bind to each other (Tang et al., 2001). Therefore, by analogy to the 
SCF, the APC/C cullin subunit Apc2 might help bringing substrates to the RING 
finger protein Apc11. Another APC/C subunit with a characterized function is 
the small subunit Doc1. Doc1 confers processivity to the ubiquitin ligase activity 
of the APC/C by stabilizing the association of the substrate to the enzyme 
(Carroll and Morgan, 2002; Passmore et al., 2003). Some subunits of the APC/C, 
such as Swm1/Apc13, Cdc26, Cdc23 and Apc9, have been found that they play a 
role in the structural integrity of the APC/C. Mutations in or loss of any one of 
these subunits promote the destabilization of other APC/C subunits (Schwickart 
et al., 2004; Zachariae et al., 1998b).  
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Substrate recognition of the APC/C  
APC/C mediated ubiquitination depends on the presence of either one of two 
sequence motifs within the substrate: the destruction box (D-box) (Glotzer et al., 
1991) and the KEN-box (Pfleger and Kirschner, 2000). Mutations in these signal 
elements lead to stabilization of the mutated substrate. In addition, APC/C-
mediated ubiquitination of substrates during mitosis depends on the presence of 
two substoichiometric activator proteins known as Cdc20 and Cdh1. 
Substoichiometric activators like, Cdc20, Cdh1, and related proteins are essential 
to confer activity to the APC/C at different cell cycle stages. Cdc20 was first 
discovered in Drosophila melanogaster as the gene fizzy, which is required for sister 
chromatid separation and degradation of cyclins during mitosis (Dawson et al., 
1995; Sigrist et al., 1995). In S. cerevisiae, Cdc20 becomes active at the metaphase 
to anaphase transition. APC/C-Cdc20 triggers the destruction of Pds1 
(Shirayama et al., 1998; Visintin et al., 1997), the S-phase-promoting cyclin Clb5 
(Shirayama et al., 1999) and M-phase-promoting cyclins like Clb3 (Alexandru et 
al., 1999). The other substoichiometric activator is called Cdh1, or fizzy related 
(Schwab et al., 1997; Sigrist and Lehner, 1997). The activity of APC/C-Cdh1 is 
required in late mitosis and in G1. In budding yeast, APC/C-Cdh1 mediates the 
proteolysis of another set of APC/C substrates including Clb2, Cdc5, and Ase1 
(Charles et al., 1998; Schwab et al., 1997; Shirayama et al., 1998; Visintin et al., 
1997).  
Similar to F-box proteins in the SCF ubiquitin ligase, the APC/C activator 
proteins contain WD repeats, which are thought to fold into a seven-bladed β 
propeller. Activators bind to the APC/C transiently, resulting in distinct 
assemblies called, for example, APC/C-Cdc20 or APC/C-Cdh1. Activators also 
bind to APC/C substrates and the direct association between the substrate and 
the activator depends on the KEN- and D-box motifs. It has, therefore, been 
proposed that activators promote ubiquitination by recruiting substrates to the 
APC/C (Burton and Solomon, 2000; Kraft et al., 2005; Schwab et al., 2001).  
 
Regulation of APC/C activity during the mitotic cells cycle  
In order to ensure the timely degradation of substrates the activity of the APC/C 
has to be coordinated by diverse mechanisms. The activator protein Cdc20 
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oscillates in a cell cycle dependent manner. Cdc20’s transcription and protein 
expression profile is similar to the profiles of M-phase-promoting cyclins 
(Shirayama et al., 1998). Cdc20 is not present during G1 but accumulates during 
late S-phase and is present until late mitosis. However, Cdc20 only binds to the 
APC/C during M-phase (Fang et al., 1998). Activation of APC/C-Cdc20 is 
promoted by high levels of M-phase-promoting Cdk activity, which 
phosphorylates the APC/C and thereby allows it to bind to Cdc20 (Kramer et al., 
2000; Rudner and Murray, 2000; Shteinberg et al., 1999). Interestingly, Cdc20 is 
itself a substrate of the APC/C (Prinz et al., 1998; Shirayama et al., 1998). 
Therefore, Cdc20 mediates the destruction of the mitotic cyclins, and thereby it 
also promotes its own degradation (Figure 2A). 
APC/C-Cdc20-dependent proteolysis of B-type cyclins results in low Cdk1 
activity during late mitosis. This releases the phosphatase Cdc14 from the 
nucleolus, and thereby activates it. Cdc14 dephosphorylates Cdh1 and hence 
activates APC/C-Cdh1 (Shou et al., 1999; Visintin et al., 1998; Zachariae et al., 
1998a), in turn promoting Cdc20’s destruction. In this way, the activity of 
APC/C-Cdc20 is handed over to APC/C-Cdh1 at the end of mitosis. In contrast 
to Cdc20, Cdh1 is present throughout the cell cycle. APC/C-Cdh1 remains active 
during G1 and this prevents the re-accumulation of mitotic cyclins. During the 
G1/S-phase transition Cdh1 is inactivated by Cdk1 mediated phopshorylation.  
Cdk1-mediated phosphorylation promotes the dissociation of Cdh1 from the 
APC/C. By this mechanism, APC/C-Cdh1 stays inactive until late mitosis. 
Inactivation of Cdh1 allows the accumulation of M-phase-promoting cyclins and 
thereby entry into mitosis (Zachariae et al., 1998a). In addition to regulation by 
Cdh1 phosphorylation, APC/C-Cdh1 is directly inhibited by a protein called 
Emi1 (early mitotic inhibitor) in vertebrate cells and Rca1 (regulator of cyclin A) 
in D. melanogaster (Grosskortenhaus and Sprenger, 2002; Hsu et al., 2002). Emi1 
inhibits APC/C-Cdh1 from S- phase until prophase (Figure 2B). Emi1 is thought 
to prevent precocious degradation of cyclin A by APC/C-Cdh1 and allows 
Cdk2/cyclin A to phosphorylate and thereby inactivate Cdh1. In addition, Emi1 







Figure 2. Regulation of the APC/C during mitosis  
(A) Regulation of APC-Cdc20. 
Cdc20 is present from S-phase until mitosis. Phosphorylation of the APC/C by Cdk allows Cdc20 
to bind to the APC/C. Cdc20 is inhibited by Emi1/Rca1 from S-phase until prophase, by 
RASSF1A at prometaphase, and by the spindle assembly checkpoint at metaphase. 
(B) Regulation of APC-Cdh1. 
Cdh1 is present throughout the cell cycle. APC/C-Cdh1 is active in G1. Cdh1 is inactivated by 
Cdk-dependent phosphorylation, which triggers the dissociation of Cdh1 from the APC/C. In 




Emi1 binds directly to both activators of the APC/C, Cdc20 and Cdh1 (Hsu et al., 
2002; Reimann et al., 2001a; Reimann et al., 2001b). In doing so, Emi1 might 
inhibit substrate recruitment to the APC/C. In mammalian cells, another protein 
is required to inhibit APC/C-Cdc20 during prometaphase. This protein is 
encoded by the tumor suppressor gene RASSF1A, which interacts with Cdc20, 
resulting in the inhibition of APC/C-Cdc20 in an Emi1-independent manner 
(Song et al., 2004).  
Cells also possess a surveillance mechanism, known as the spindle assembly 
checkpoint (SAC), which ensures that each kinetochore is properly attached to 
the mitotic spindle. Via the components of the SAC the activity of APC/C-Cdc20 
is restrained at metaphase until all chromosomes have attached to microtubules 
in a bipolar manner. One component of the SAC called Mad2 binds directly to 
Cdc20 to the Cdc20 and inhibits thereby the activity of the APC/C (Yu, 2002) 
(Figure 2A).  
 
Chromosome segregation during mitosis 
Temporal separation of DNA replication and chromosome segregation is 
characteristic of the eukaryotic cell cycle. A delay between chromosome 
duplication and separation allows to pack the big eukaryotic genomes into a 
highly condensed state during chromosome segregation. Due to the temporal 
separation of chromosome duplication and separation, eukaryotic cells have to 
generate a physical linkage between sister chromatids, which is called sister 
chromatid cohesion. Sister chromatid cohesion is mediated by a multisubunit 
protein complex bound to chromatin. This complex is called cohesin and  
consists of at least four proteins: Scc1 (also known as Rad21 or Mcd1), Scc3 (also 
known as SA1 and SA2), Smc1, and Smc3 (Guacci et al., 1997; Losada et al., 1998; 
Michaelis et al., 1997; Toth et al., 1999). A fifth protein called Pds5 is more loosely 
associated but is also important to mediate cohesion (Hartman et al., 2000; 
Panizza et al., 2000; Sumara et al., 2000; van Heemst et al., 1999). The cohesin 
subunits are widely conserved and all eukaryotic genomes encode homologs of 
these five proteins. Studies from yeast and mammalian cells revealed that 
inactivation of the cohesin complex promotes precocious sister chromatid 
separation, leading to massive errors in chromosome segregation (Hoque and 
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Ishikawa, 2002; Sonoda et al., 2001). Cohesin’s Smc1 and Smc3 subunits associate 
to form V-shaped heterodimers and their ATPase heads are thought to be 
bridged by a third subunit, Scc1. This creates a triangular ring that could trap 
two chromatin fibers, thereby creating a physical linkage between sister 
chromatids (Gruber et al., 2003; Haering et al., 2002). Cohesion is established 
during DNA replication (Uhlmann and Nasmyth, 1998) and persists through 
metaphase. At the onset of anaphase, cohesin is released and separate sister 
chromatids (Michaelis et al., 1997; Toth et al., 1999). The cohesin complex is 
required both to generate cohesion during DNA replication and to maintain 
cohesion between sister chromatids until the onset of anaphase (Guacci et al., 
1997; Michaelis et al., 1997; Panizza et al., 2000). During metaphase chromosomes 
align at the metaphase plate and microtubules from opposite spindle poles attach 
to sister kinetochores trying to pull sister chromatids in opposite directions. This 
kind of microtubule-kinetochore interaction is called biorientation. The pulling 
force of the spindle apparatus is resisted by the cohesin complex, which holds 
sister chromatids together. This mechanism creates tension between the sister 
DNA molecules. The elimination of sister chromatid cohesion at the onset of 
anaphase triggers sister chromatid separation, allowing sister chromatids to be 
pulled to opposite spindle poles. The loss of cohesion is mediated by the release 
of cohesin from the chromosomes. This release is due to proteolytic cleavage of 
Scc1 (Uhlmann et al., 1999) by a cystein endopeptidase called separase (Esp1 in S. 
cerevisiae and Cut1 in Schizosaccharomyces pombe) (Uhlmann et al., 2000; Yanagida, 
2000). The cleavage of the Scc1 cohesin subunit is necessary and sufficient to 
trigger anaphase.  
Cohesion is destroyed simultanously on all chromosomes. Therefore, all 
chromosomes have to align at the mitotic spindle in metaphase before cohesion 
is released. Premature resolution of cohesion leads to failures in chromosome 
segregation. In order to avoid premature destruction of cohesion separase, the 
enzyme that mediates the destruction of cohesion, has to be tightly regulated. 
Separases is regulated by an inhibitory chaperone called securin (Pds1 in S. 
cerevisiae). Securin/Pds1 binds to separase and is a potent inhibitor of separase’s 
activity (Ciosk et al., 1998; Uhlmann et al., 1999; Waizenegger et al., 2002; Zou et 
al., 1999). Therefore, securin/Pds1 ensures that separase remains inactive from S- 
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until metaphase. Additionally, securin/Pds1 is thought to function as a 
chaperone for separase. Yeast and human cells lacking securin/Pds1 are 
defective in sister chromatids separation rather than in the maintenance of sister 
chromatid cohesion, probably due to their lowered separase activity (Alexandru 
et al., 2001; Jallepalli et al., 2001). Securin/Pds1 is itself a cell cycle regulated 
protein. Inactivation of Pds1 by proteolysis at the metaphase to anaphase 
transition liberates separase. Liberation of separase promotes cohesin cleavage, 
which triggers the segregation of sister chromatids at anaphase. Proteolysis of 
securin/Pds1 at the onset of anaphase is essential to trigger sister chromatid 
segregation. Destruction of securin/Pds1 is mediated by APC/C-Cdc20 (Cohen-
Fix et al., 1996; Funabiki et al., 1996b; Leismann et al., 2000; Zou et al., 1999) 
(Figure 3). The APC/C poly-ubiquitinates securin/Pds1 and thereby targets it for 
the destruction by the 26 S proteasome. In comparison to yeast where cohesion is 
eliminated along the length of the chromosome (Tanaka et al., 1999), the loss of 
cohesion in vertebrate cells is more complex. In mammalian cells, loss of 
cohesion is mediated by a two-step mechanism. First, cohesion along 
chromosomal arms is released during metaphase. This initial loss of arm 
cohesion depends on the activity of Polo kinase and is independent of separase 
(Sumara et al., 2002). A remaining fraction of cohesin bound to centromeric 
regions is released at the onset of anaphase in a separase-dependent fashion 
(Hauf et al., 2001). Like in yeasts, activation of separase depends on the APC/C 






Figure 3. Regulation of sister chromatid separation in mitosis 
In proliferating cells, a multisubunit protein complex called cohesin is loaded onto chromosomes 
during DNA replication. This generates a physical linkage between sister chromatids, termed 
sister chromatid cohesion. The cystein protease separase is responsible to cleave the cohesin 
complex and thereby promotes sister chromatid separation and segregation at the metaphase-to-
anaphase transition. Separase activity is regulated by an inhibitory chaperone called 
securin/Pds1. Securin/Pds1’s destruction mediated by the APC/C activates separase and 
thereby the APC/C triggers sister chromatid separation during mitosis. 
 
 
Chromosome segregation during meiosis 
During meiosis, a single round of chromosome duplication is followed by two 
consecutive rounds of chromosome segregation without an intervening round of 
DNA replication. During meiosis I, homologous chromosomes are segregated, 
leading to a reduction of the chromosome number by half (reductional division) 
whereas during meiosis II sister chromatids segregate and the chromosome 
number remains constant (equational division). This pattern of chromosome 
segregation allows diploid parental cells to generate haploid gametes (Petronczki 
et al., 2003).  
 
The meiotic cohesin complex 
During meiosis, one round of cohesion establishment has to be sufficient to 
mediate two rounds of chromosome segregation. As cohesion can only be 
established during DNA replication, cohesion generated during premeiotic S-
phase has to mediate both the segregation of homologous chromosomes during 
meiosis I and the segregation of sister chromatids during meiosis II. Therefore, 
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the chromosome segregation machinery that is used for the mitotic cell cycle has 
to be modified for meiosis in some fundamental aspects. 
First, the meiotic cohesin complex differs from its mitotic equivalent because it is 
involved in meiotic recombination. Second, meiotic cohesin also differs from 
mitotic cohesin because at least a fraction of cohesin around the centromeres is 
preserved during the first meiotic division in order to provide cohesion in the 
second round of chromosome segregation during meiosis II. In budding yeast, 
meiotic cohesin differs from the mitotic cohesin by the replacement of the Scc1 by 
the meiosis-specific variant Rec8 (Klein et al., 1999). Similar though not identical 
situations were found in S. pombe (Watanabe and Nurse, 1999), Caenorhabditis 
elegans (Pasierbek et al., 2001), Arabidopsis thaliana (Bhatt et al., 1999) and in 
mammals (Eijpe et al., 2003) where Scc1/Rad21 is at least partially replaced by 
Rec8. The meiotic cohesin in mammalian cells has even more alterations. In 
addition to the partial replacement of Scc1/Rad21 by Rec8, Smc1 is at least to a 
certain extent substituted by the meiosis-specific variant Smc1β (Revenkova et 
al., 2001) and the Scc3 subunits SA1 and SA2 are substituted by the meiosis-
specific variant STAG3 (Prieto et al., 2002; Prieto et al., 2001).  
 
Recombination during prophase I 
Meiosis differs from mitosis by an extended prophase I during which 
recombination takes place. Recombination enables meiotic cells to shuffle genetic 
material and generates cohesion between homologous chromosomes (Figure 4). 
During prophase, homologous chromosomes align along their axes and form a 
structure, unique to meiosis, which is called the synaptonemal complex (SC). The 
meiotic cohesin complex is situated along the axes (lateral elements) of the SC 
and may play a structural role (Klein et al., 1999). Physical association between 
homologous chromosomal axes along their entire length is called synapsis and is 
achieved by the SC. Proteins, such as Zip1 in budding yeast, form the the central 
element. During the process of chromosome synapsis, sister chromatids from 
maternal and paternal chromosomes pair with each other and recombine. This is 
initiated by the formation of double strand breaks (DSB) (Sun et al., 1989), which 
are mediated by a DSB-endonuclease, called Spo11 in S. cerevisiae (Keeney et al., 
1997). During meiotic recombination homologous non-sister chromatids are 
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preferred as a repair template instead of sister chromatids (Collins and Newlon, 
1994; Schwacha and Kleckner, 1994). Later, this results in the formation of 
crossovers. Meiotic sister chromatid cohesion is not only essential for the process 
of DSB-repair, it is also required for the preference of homologous chromosomes 
as the repair template. Cells lacking cohesion, such as those with a deletion of the 
meiotic cohesin subunit REC8, are defective in DSB repair and accumulate DSBs 
(Klein et al., 1999). Inaccuracies during recombination or incomplete synapsis are 
monitored by the pachytene checkpoint (also called recombination checkpoint) 
(Roeder and Bailis, 2000). The pachytene checkpoint is an important control point 
during meiosis because defects in recombination can lead to chromosomal 
defects and aberrations in chromosome segregation (see below). In S. cerevisiae, 
this checkpoint functions by inactivation of the Cdk1-homolog Cdc28, whose 
activity is needed for the entry into meiotic nuclear divisions by a dual 
mechanism. Upon checkpoint activation, Cdc28 is inhibited through 
phosphorylation by the Wee1-homolog Swe1 (Leu and Roeder, 1999). In 
addition, activation of Cdc28 is repressed by the inactivation of a transcription 
factor called Ndt80. Ndt80 controls the expression of middle sporulation genes, 
including genes encoding the regulatory subunits of the Cdc28 kinase, CLB1, 
CLB3, CLB4 and other important genes like CDC5 and CDC20 (Chu and 
Herskowitz, 1998). 
Completion of recombination results in the formation of crossovers, which 
provide reciprocal exchange between homologous chromosomes. These 
exchanges become visible as chiasmata upon resolution of the SC. Crossover 
events mediated by recombination between homologues ensure that not only 
sister chromatids but also homologous chromosomes are joined together by 
sister chromatid cohesion. Cohesion distal to the chiasmata enables homologous 
chromosomes to resist the pulling force of the meiosis I spindle apparatus 
(Buonomo et al., 2000). This discovery demonstrated that recombination is 
necessary to provide a physical link between homologues, which is a 
prerequisite for the alignment of homologues at metaphase I. Maternal and 
paternal chromosomes segregate randomly in recombination-defective mutants. 
For example, cells lacking the DSB endonuclease Spo11 cannot initiate 
recombination because DSBs cannot be made. Therefore, these cells do not 
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exchange maternal and paternal sister chromatids. These cells stay achiasmatic 
and therefore segregate homologous chromosomes randomly due to the lack of 
tension (Buonomo et al., 2000; Kitajima et al., 2003). Similarly, cells that have 
cohesion around the centromeres but lack arm cohesion failed to segregate 
homologous chromosomes properly during meiosis I (Kitajima et al., 2003). 
In conclusion, cohesion between homologous chromosomes is required in order 
to prevent missegregation of homologous chromosomes during meiosis I. The 
generation of cohesion between homologues is ensured by recombination during 
prophase I, which results in the formation of chiasmata. 
 
Mono-orientation of sister kinetochores during meiosis I 
During meiosis I homologous chromosomes, rather than sister chromatids 
segregate to opposite spindle poles. One fundamental requirement for the 
separation of homologues rather than sister chromatids is that microtubules from 
one spindle pole have to attach to the kinetochores of both sister chromatids 
(Figure 4). This is called monopolar attachment of microtubules to sister 
kinetochores or mono-orientation of sister kinetochores. Experiments from 
grasshopper spermatocytes showed that the signal for monopolar attachment 
comes from the chromosomes rather than from the spindle (Paliulis and Nicklas, 
2000). In fission yeast, the meiosis-specific cohesin subunit Rec8, but not the 
mitotic version Rad21 is implicated in the control of sister kinetochores 
orientation during meiosis I (Watanabe and Nurse, 1999). However, in budding 
yeast not only Rec8 but also Scc1 upon artificial expressionis is able to support 
monopolar attachment in meiosis (Toth et al., 2000). Recently a group of proteins, 
the monopolins, were found being required to promote monopolar attachment in 
S. cerevisiae. These proteins form a kinetochore-associated complex, the 
monopolin complex, which consists of at least three subunits: Mam1, Lrs4 and 
Csm1. Mutants lacking one of these proteins biorient their sister kinetochores. As 
a consequence, the meiosis I spindle tries to pull apart sisters instead of 
homologues (Rabitsch et al., 2003; Toth et al., 2000). It is so far unknown how the 




Step-wise loss of cohesion 
One round of cohesion establishment during premeiotic DNA replication has to 
mediate two rounds of chromosome segregation. Immunocytological 
experiments showed that a fraction of cohesin around centromeres survives the 
first meiotic division and remains until metaphase II (Klein et al., 1999; Watanabe 
and Nurse, 1999). This phenomenom ensures that sister chromatids stay 
connected until metaphase of meiosis II and do not separate prematurely. This 
occurrence is called step-wise loss of cohesion. During the first meiotic division, 
loss of cohesion along chromosomal arms triggers the segregation of maternal 
and paternal chromosomes, whereas loss of cohesion around the centromeres 
initiates the segregation of sister chromatids during meiosis II (Buonomo et al., 
2000; Kitajima et al., 2003) (Figure 4). To accomplish this step-wise loss of 
cohesion, some meiosis-specific alterations of the mitotic cohesion machinery are 
necessary. As described above, the meiotic cohesin complex differs from its 
mitotic counterpart by the replacement of cohesins kleisin subunit Scc1 by the 
meiosis-specific variant Rec8 (Klein et al., 1999; Watanabe and Nurse, 1999). In 
contrast to Scc1-cohesin, Rec8-cohesin is able to maintain cohesion until 
metaphase of meiosis II. Rec8, but not Scc1 is protected during meiosis I (Toth et 
al., 2000; Watanabe and Nurse, 1999), but it is not sufficient for protecting 
cohesion as proliferating cells expressing REC8 instead of SCC1 are able to 
separate sister chromatids normally (Buonomo et al., 2000; Watanabe and Nurse, 
1999). Therefore, additional factors have to exist for the protection of cohesion 
during meiosis I. Recently identified centromere-associated proteins could 
provide some solutions for this problem. 
One of these proteins is the meiosis-specific protein Spo13 from budding yeast. 
Spo13 is implicated in preventing loss of centromeric cohesion (Klein et al., 1999; 
Shonn et al., 2002), and it is also involved in preventing bi-orientation of sister 
kinetochores during the first meiotic division (Katis et al., 2004b; Lee et al., 2004; 
Shonn et al., 2002). Another protein that is required for the protection of 
centromeric cohesion is shugoshin (Japanese for “guardian spirit”) (Sgo1 in S. 
cerevisiae). Shugoshins are related to the fruitfly D. melanogaster’s Mei-S332 
protein (Kerrebrock et al., 1992). Like Mei-S332, the shugoshins, localize to the 
centromeres and are required to protect centromeric cohesion during meiosis I. 
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Lack of shugoshin results in premature loss of centromeric cohesion during 
meiosis I and random chromosome segregation during meiosis II (Hamant et al., 
2005; Katis et al., 2004a; Kerrebrock et al., 1995; Kitajima et al., 2004; Marston et 
al., 2004a; Rabitsch et al., 2004). Aside from their meiotic function, shugoshins are 
present in mitotic cells of most organisms (Katis et al., 2004a; Kitajima et al., 2004; 
Marston et al., 2004a; Moore et al., 1998). In vertebrates shugoshin also prevents 
the dissociation of cohesin from centromeres during mitosis (McGuinness et al., 
2005). The mechanism of how shugoshins prevent loss of cohesion during 
meiosis I remains unknown. A recent publication provides some evidence that 
shugoshin prevents phosphorylation of the Scc3-SA2 subunit of cohesin and 
thereby prevents its removal from the centromeres (McGuinness et al., 2005). 
 
Meiosis-specific regulation of the APC/C 
During meiosis, one round of premeiotic S-phase is followed by an extended 
prophase, and two rounds of chromosome segregation without intervening 
round of DNA replication. These events characteristic for meiosis require also 
meiosis-specific modifications of APC/C regulation. 
Prophase I, where recombination takes place, is longer than their mitotic 
counterparts. During this time the anaphase inhibitor securin/Pds1 accumulates 
and keeps separase inactive until metaphase. In order to prevent premature 
destruction of securin/Pds1, which might lead to premature sister chromatid 
separation due to unrestrained separase activity, the APC/C has to be kept 
inactive. This becomes very obvious in the case of human oocytes, where this 
phase can last for decades. How APC/C’s activity is restrained during this phase 
was unknown. 
Two rounds of resolution of cohesion, loss of arm cohesion during meiosis I, and 
loss of centromeric cohesion during meiosis II, also requires two rounds of 
separase activation (Buonomo et al., 2000). Therefore the APC/C-Cdc20 has to be 
activated twice during meiosis, at the metaphase to anaphase transition of 
meiosis I, and II, to trigger the destruction of Pds1 (Figure 4) (Salah and 
Nasmyth, 2000). How the APC/C is activated during meiosis two times remains 





Figure 4. Regulation of Chromosome Segregation in meiosis 
During meiosis, one round of DNA replication is followed by two rounds of chromosome 
segregation. To achieve this, meiosis I must to be modified in three aspects. 1) Recombination 
during prophase I generates cohesion between homologous chromosomes. 2) Both kinetochores 
from sister chromatids are mono-oriented and microtubules from one pole attach to both sister 
kinetochores (Monopolar attachment). 3) Cohesion is resolved in a step-wise manner. During 
meiosis I resolution of arm cohesion triggers segregation of homologous chromosomes, and 
during meiosis II, cleavage of the remaining centromeric cohesin promotes segregation of sister 
chromatids. Both rounds of chromosome segregation are regulated by the APC/C. At the 
metaphase to anaphase transition of both meiotic divisions the APC/C mediates the destruction 
of securin/Pds1 and thereby activates separase, which promotes the cleavage of cohesin.  
Separase’s activity has to be tightly regulated because premature activation of separase results in 
mis-segregation of chromosomes, especially during prophase I, which in comparison to its 
mitotic counterpart is extremely long.  
 
 
Between meiosis I, and meiosis II a sufficient level of Cdk-activity has to be 
maintained in order to prevent replication. Insights into the suppression of S-
phase between meiosis I, and II came from work in Xenopus oocytes. Sufficient 
levels of cyclin B are ensured by increased synthesis of cyclin B and by inhibition 
of the APC/C by the kinase p90Rsk, which is the downstream target of the 
Mos/MAPK pathway (Furuno et al., 1994; Gross et al., 2000; Taieb et al., 2001).  
In addition, work done in fission yeast showed that a certain level of Cdk-activity 
is also required for the execution of the second meiotic division. Therefore, the 
APC/C has to be inhibited between meiosis I, and II. This inhibition is mediated 
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by Mes1, which binds to the fission yeast Cdc20-homolog Slp1 and thereby 
suppresses cyclin degradation (Izawa et al., 2005).  
In vertebrates, oocytes arrest at metaphase II before fertilization. Thus, APC/C-
Cdc20 activity has to be inhibited at this time. This inhibition is mediated by the 
Emi1-related protein XErp1 (Schmidt et al., 2005). SCF-dependent destruction of 
XErp1 triggered by calcium-dependent activation of Polo kinase mediates release 
from metaphase II and completion of meiosis II (Rauh et al., 2005; Schmidt et al., 
2005).  
Additionally, meiosis-specific forms of the APC/C that differ from the mitotic 
APC/C by meiosis-specific activators have been identified in several organisms. 
In D. melanogaster, the existence of two meiosis-specific activators have been 
reported: Fzr2, which is exclusively expressed in the male germline (Jacobs et al., 
2002), and Cortex, which is expressed during oogenesis in the female germline 
(Chu et al., 2001). Meiosis-specific activators have been found also found in 
yeasts. In S. pombe this activator is called Mfr1/Fzr1 and is required for spore 
formation, the yeast equivalent of gametogenesis (Asakawa et al., 2001; Blanco et 
al., 2001). In S. cerevisiae a meiosis-specific activator called Ama1 (Activator of 
meiotic APC/C) exists. Ama1 binds to the APC/C during meiosis and is 
required for sporulation (Cooper et al., 2000). How the activities of different 





During this work some of the experiments that are shown in this thesis have 
been done in collaboration with other members of the Zachariae lab. 
 
Figures 5B, 8A, 10C and 15B have been done in collaboration with Dr. Martin 
Schwickart. 
Figure 17 C has been done in collaboration with Joao Matos and Dr. Martin 
Schwickart. 
 
The PDMC1-PDS1(mDK)myc18 and PDMC1-PDS1myc18 construct were created by Dr. 
Alain Camasses. 
 
Dr. Aliona Bogdanova created the following constructs: 
The estradiol-inducible GAL-promoter system, PDMC1-MND2, PDMC1-CLB1ha6, 
PDMC1-CLB5ha3, PGALLMyc9-cAMA1, and AMA1m8. 
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Results 
The unique pattern of chromosome segregation during meiosis requires also 
meiosis-specific regulation of the APC/C. Mnd2, an APC/C subunit in mitotic 
cells (Passmore et al., 2003; Schwickart et al., 2004; Yoon et al., 2002a) is a 
candidate for a meiosis-specific regulator of APC/C activity. Mnd2 is not 
essential for proliferation (Yoon et al., 2002b), but cells lacking Mnd2 are not able 
to perform meiotic nuclear divisions (Rabitsch et al., 2001). This suggests that the 
APC/C subunit Mnd2 has an essential function specifically during meiosis. The 
goal of this thesis was to characterize the meioisis-specific function of Mnd2. 
 
Mnd2 is associated with the meiotic APC/C until Anaphase II 
First, it was tested whether Mnd2 is also associated with APC/C during meiosis. 
Therefore, diploid APC2myc9 cells from the fast sporulating S. cerevisiae SK1 
strain were induced to progress through meiosis synchronously. Immunoblot 
analysis of extracts from this meiotic time course experiment revealed that unlike 
other APC/C subunits the levels of Mnd2 decreased during late meiosis (Figure 
5A). The same extracts were also subjected to immunoprecipitation with anti-
Myc antibodies. Mnd2 was co-purified in Apc2myc9-immunoprecipitates from 
proliferating and from meiotic APC2myc9 cells until 8h, but not from extracts of 
late meiotic cells (after 8h) or from wildtype (wt) control extracts (Figure 5A). 
This demonstrates that Mnd2 is not only associated with the APC/C during 
mitosis but also until 8h of a meiotic time course. In contrast to other APC/C 
subunits analyzed, Mnd2 was not found to be associated with the APC/C after 8 
hours when the majority of the cells had completed both meiotic nuclear 
divisions. Therefore, Mnd2 is not a constitutive subunit of the meiotic APC/C 
(Figure 5A). In order to determine the stage of Mnd2’s disappearance precisely, 
diploid MND2myc18 cells were induced to enter meiosis and single cells were 
analyzed by indirect immunoflurorescence. This analysis revealed that 
Mnd2myc18 was present in most of the cells until metaphase of meiosis II but 
was undetectable in 85% of anaphase II cells (Figure 5B), suggesting that Mnd2 
disappears during late meiosis II. Taken together, Mnd2 is a subunit of the 





Figure 5. Mnd2 is associated with the meiotic APC/C until Anaphase II 
(A) APC2myc9 cells (Z5187) were transferred into sporulation medium (SPM) and samples were 
taken every two hours. Left: percentages of cells with replicated DNA, first and second meiotic 
nuclear division and spore formation. Right: immunoblot analysis of different APC/C subunits 
in extracts and anti-Myc immunoprecipitates. Controls were from proliferating wt and APC2myc9 
cells (Cc).  
(B) MND2myc18 cells (Z3023) were induced to undergo meiotic nuclear division. Samples were 
taken every two hours and cells were analyzed by in-situ immunofluorescence, DNA (blue), 
Tubulin (red) and Mnd2myc18 (white) were detected.  
 
 
Is Mnd2 also associated with the activated forms of the APC/C: APC/C-Cdh1, 
APC/C-Cdc20 and APC/C-Ama1? To address this question 
immunoprecipitation experiments with the APC/C activators were done. 
Mnd2ha9 was found in α-Myc immunoprecipitates from diploid Myc18-CDH1 
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MND2ha9, Myc18-CDC20 MND2ha9 and Myc18-AMA1 MND2ha9 cells 
progressing through meiosis (Figure 6A, 6B, and 6C). Thus, during a meiotic 
time course Mnd2 is associated with all three APC/C-holoenzymes: APC-Cdh1, 






Figure 6. Mnd2 is associated with all three APC/C-holoenzymes 
Myc18-CDH1 MND2ha3 (Z2638), Myc18-CDC20 MND2ha3 (Z2644) and Myc18-AMA1 MND2ha3 
(Z2646) cells were induced to enter meiosis. Samples were withdrawn every two hours. 
Immunoblot detection of activators (Myc18-Cdh1, Myc18-Cdc20 or Myc18-Ama1) and two 
APC/C subunits (Apc2 and Mnd2) in extracts and anti-Myc-immunoprecipitates. Controls were 
from proliferating wt and corresponding Myc18-CDH1 MND2ha3, Myc18-CDC20 MND2ha3 or 
Myc18-AMA1 MND2ha3 cells. 
 
 
Mnd2 is required for the accumulation of Pds1 during premeiotic S- and 
prophase of meiosis I 
To investigate Mnd2’s function during meiosis, diploid wt and mnd2∆ cells were 
induced to enter meiosis synchronously. The mnd2∆ mutant cells replicated their 
DNA normally but then failed to undergo nuclear divisions, to assemble 
spindles, and to form spores (Figure 7A) (Rabitsch et al., 2001). Immunoblot 
detection showed that these cells also failed to accumulate proteins like Cdc5 and 
Cdc20 that appear upon exit of prophase I (Figure 7A). These data indicates that 
mnd2∆ cells arrest at prophase I. Surprisingly, mnd2∆ cells also failed to 
accumulate Pds1myc18, as shown by immunoblot analysis and indirect 
immunofluorescence of single cells (Figure 7A, B). In contrast to mnd2∆ cells, 
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Pds1myc18 appeared in wt cells shortly before premeiotic S-phase and remained 
stable until the metaphase-to-anaphase transition of meiosis I. Whereas 90% of 
wt cells at premeiotic S- and prophase I (Cells at t = 4 hours without spindle) 
showed bright nuclear staining for Pds1myc18, bright nuclear staining for 
Pds1myc18 could be detected only in 8% of the mnd2∆ cells at the same stage 
(Figure 7B). Next, wt and mnd2∆ strains lacking Ndt80 were analyzed. Deletion 
of NDT80, which encodes for a transcription factor, prevents entry into 
metaphase I and progression into the meiotic divisions, therefore, these cells 
arrest at pachytene stage of prophase I (Chu and Herskowitz, 1998). Thus, 
deletion of NDT80 does allow both wt and mnd2∆ cells to exit from pachytene 
and to undergo meiotic nuclear divisions. Pds1myc18 accumulated in ndt80∆ but 
not in ndt80∆ mnd2∆ cells, proving that mnd2∆ cells are defective in accumulation 
of Pds1 during premeiotic S- and prophase I (Figure 7C). In addition, the 
presence of Pds1myc18 in meiotic ndt80∆ mnd2∆ GPDp-GAL4-ER GALp-MND2 
cells could be restored after induction of MND2’s expression from the GAL 
promoter at 6h (Figure 7D), suggesting that Mnd2’s presence during prophase I 
stabilizes Pds1. Consistent with this idea, expression of Mnd2 solely from the 
early meiotic DMC1 promoter fully restored accumulation of Pds1 and both 
meiotic nuclear divisions (Figure 7E). This shows that defects caused by the 
deletion of MND2 are solely due to the lack of Mnd2 during premeiotic S- and 
prophase I.  
In summary, Mnd2 presence during premeiotic S- and prophase I is required for 




Figure 7. Mnd2 is required to accumulate Pds1 during meiotic S- and prophase I 
(A) wt (Z2827) and mnd2∆ (Z2829) cells were induced to enter meiosis. Samples were taken in 2h 
intervals. Panel: immunodetection of different APC/C substrates. The graphs show the 
percentages of cells with replicated DNA, first and second nuclear division, meiosis I and meiosis 
II spindles, and nuclear Pds1myc18.  
(B) Immunofluorescence analysis of wt (Z4861) and mnd2∆ (Z4860) cells after 4 hours in SPM. 
DNA (DAPI, blue), Tubulin (red) and Pds1myc18 were detected. The percentages of cells 
represented in the picture are shown.  
(C) ndt80∆ PDS1myc18 (Z3933) and ndt80∆ mnd2∆ PDS1myc18 (Z3932) strains were induced to 
enter meiosis. The panel shows immunoblot analysis of APC/C substrates in extracts.  
(D) ndt80∆ mnd2∆ GDPp-GAL4-ER GALp-MND2 (Z4439) cells were induced to enter meiosis. 
After 6 hours the culture was split. In one culture expression of Mnd2 was induced by addition of 
β-estradiol (1µM). The panel shows immunodetection of Pds1myc18 and Mnd2. 
Immunodetection of Tub2 served as a loading control. The percentages show the fraction of cells 
with replicated DNA.  
(E) mnd2∆ cells containing DMC1p-MND2 (Z5976) were induced to enter meiosis. The graph 
shows the percentages of cells with replicated DNA, first and second meiotic nuclear division, 
nuclear Pds1myc18, and spore formation. 
 33 
Mnd2 is required to prevent premature sister chromatid separation during 
meiotic S- and prophase I 
To investigate the behavior of sister chromatids in mnd2∆ cells induced to enter 
meiosis, strains heterozygous for chromosome V were marked with GFP at 
different loci: 1.4 kb from the centromere (CenV-GFP), 35 kb from the centromere 
(URA3-GFP) and 30 kb from the right telomere (TelV-GFP) (Klein et al., 1999: 
Toth et al., 2000). In wt cells, TelV-GFP dots separate in anaphase of meiosis I 
whereas CenV-GFP and URA3-GFP dots separate in anaphase of meiosis II (Toth 
et al., 2000). Up to 60 % of mnd2∆ cells separated CenV-GFP, URA3-GFP and 
TelV-GFP although they failed to perform nuclear division. Dot splitting in 
mnd2∆ cells occurred 1.5 to 2 hours earlier (relative to DNA replication) than in 
wt cells (Figure 8A–D) These data suggests that Mnd2 is required to prevent 
premature loss of sister chromatid cohesion around centromeres and 
chromosomal arms. Sister chromatid separation occurred in ndt80∆ mnd2∆ but 
not in ndt80∆ cells (Figure 8E). ndt80∆ cells arrests at prophase I, because the 
transcription factor Ndt80 is required for the entry into metaphase I (Chu and 
Herskowitz, 1998). Thus, this experiment verifies that sister chromatid separation 
occurs prematurely during premeiotic S- and prophase I in mnd2∆ cells. 
Comparison of mnd2∆ cells with cells lacking the meiotic cohesin subunit Rec8 
showed that both mutants separated sister chromatids with similar kinetics 
(Figure 8F). Therefore, meiotic mnd2∆ cells resemble cells that lack sister 





Figure 8. Mnd2 is required to prevent premature separation of sister chromatids 
Meiosis was induced in cells in which one copy of chromosome V was marked with GFP at the 
indicated locus: URA3-GFP, 35kb from the centromer, TelV-GFP, 30kb from the right telomere at 
the BMH1 locus, or CenV-GFP, 1.4 kb from the centromere.  
(A) Analysis of wt (Z4861) and mnd2∆ (Z4860) cells during meiosis. The panel shows cells 
analyzed by indirect immunofluorescence detected with DNA (DAPI, blue), Tubulin (red) and 
URA3-GFP dots (green). The percentages of cells represented in the picture are shown.  
(B-F) The graphs show the percentages of cells with replicated DNA, first and second meiotic 
divisions and separated GFP dots. (B) wt (Z4861) and mnd2∆ (Z4860) (C) wt (Z5431) and mnd2∆ 
(Z5430)(D) wt (Z3900) and mnd2∆ (Z3872) (E) ndt80∆ (Z3933) and ndt80∆ mnd2∆ (Z3932) (F) 
mnd2∆ (Z4860) and rec8∆ (Z5314). 
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Analysis of meiotic mnd2∆ cells undergoing nuclear division 
Mnd2 is required for the accumulation of Pds1 and to prevent premature loss of 
cohesion during premeiotic S- and prophase I (Figure 7, 8). Is Mnd2’s function 
specific to early meiotic stages? Cells lacking Mnd2 arrest in prophase I most 
likely due to the pachytene checkpoint, which prevents meiotic nuclear division 
in cells that fail to complete meiotic recombination or chromosome synapsis 
(Roeder and Bailis, 2000). Sister chromatid cohesion is required for the 
completion of recombination and chromosome synapsis. Mutants that lack 
cohesion accumulate recombination intermediates (Klein et al., 1999; Molnar et 
al., 1995). Also mnd2∆ cells induced to enter meiosis lack cohesion (Figure 8). 
Thus, mnd2∆ mutants might be defective in recombination and therefore arrest at 
pachytene due to the pachytene checkpoint. Indeed, the deletion of SPO11, a 
double strand break endonuclease that initiates the recombination process, 
restored nuclear division in mnd2∆ cells (Rabitsch et al., 2001) (Figure 9A), 
showing that mnd2∆ mutants, like other mutants that lack cohesion, are defective 
in the completion of the recombination process. 
Analysis of mnd2∆ spo11∆ double mutants by immunoblotting revealed that 
Pds1myc18 was almost undetectable at early stages of meiosis (until 6 h), but the 
amounts of Pds1myc18 slightly increased at later stages (after 6 h) (Figure 9A). 
Analysis of single cells by indirect immunofluorescence showed that Pds1myc18 
accumulated during meiotic nuclear divisions upon spindle formation. 96 % of 
premeiotic S- and prophase I spo11∆ mnd2∆ cells lacked staining from 
Pds1myc18. Upon formation of a metaphase spindle, 81 % of the spo11∆ mnd2∆ 
double mutants showed bright staining from Pds1myc18 (Figure 9B). mnd2∆ 
mutants accumulated Pds1myc18 upon exit from pachytene. Therefore, Mnd2 is 
required for the accumulation of Pds1 specifically during premeiotic S- and 





Figure 9. Mnd2 is required for accumulation of Pds1 specifically during premeiotic S- and 
prophase I 
(A) spo11∆ (Z5799) and spo11 mnd2∆ (Z4980) cells (genotype: PDS1/PDS1myc18 ura3/URA3-GFP) 
were transferred into sporulation medium (SPM). The panel shows immunoblot analysis of 
APC/C substrates. The graphs show the percentages of cells with replicated DNA, first and 
second meiotic nuclear division, nuclear Pds1myc18 staining and separated URA3-GFP dots.  
(B) Immunofluorescence analysis of wt (Z3392) and mnd2∆ (Z3391) cells (genotype: PDS1myc18 
ura3/URA3-GFP) at S- and prophase I and at metaphase I. DNA (DAPI, blue), Tubulin (red) and 
Pds1myc18 were detected. The percentages of cells are shown that are represent by the picture. 





Analysis of sister chromatid separation by heterozygous URA3-GFP dots in 
spo11∆ mnd2∆ mutants confirmed that sister chromatids separate prematurely in 
mnd2∆ cells that are able to undergo meiotic nuclear divisions. Heterozygous 
URA3-GFP dots separated two hours before the onset of meiotic nuclear 
divisions (Figure 9A). This finding demonstrates that mnd2∆ mutants separate 
sister chromatids before both meiotic nuclear division.  
spo11∆ cells produce non-viable spores because homologues segregate randomly 
due to an achiasmatic meiosis (Klapholz et al., 1985). Spo13 is required to prevent 
sister kinetochore biorientation and to protect centromeric cohesin during 
meiosis I (Katis et al., 2004b; Lee et al., 2002; Lee et al., 2004; Shonn et al., 2002). 
Therefore, deletion of SPO13 allows spo11∆ mutants to perform only one meiotic 
nuclear division, where sister chromatids segregate in an equational manner. For 
that reason spo11∆ spo13∆ cells produce largely viable, diploid spores (Klapholz 
and Esposito, 1982; Malone and Esposito, 1981). Nevertheless, spo11∆ spo13∆ 
mnd2∆ triple mutants failed to produce viable spores (Rabitsch et al., 2001). From 
this result Rabitsch and co-workers concluded that Mnd2 must have a function 
that is independent from the meiotic recombination process. Analysis of spo11∆ 
spo13∆ mnd2∆ cells revealed that, similar to spo11∆ mnd2∆ double mutants, these 
triple mutant cells accumulated Pds1myc18 only upon entry into metaphase and 
separated sister chromatids prior to spindle formation and nuclear division 
(Figure 10A, B). Premature splitting of URA3-GFP dots could be detected in 69 % 
of triple mutant cells during premeiotic S- and prophase and in 73 % of those 
cells at metaphase. As a consequence, 36 % of URA3-GFP dots separated in a 
reductional manner. In contrast, 94 % URA3-GFP dots separated in spo11∆ spo13∆ 
double mutants in an equational manner (Figure 10C). In spo11∆ spo13∆ mnd2∆ 
triple mutants premature sister chromatid separation is followed by massive mis-
segregation of chromosomes during the meiotic nuclear division. This implies 
that the inviability of spores from spo11∆ spo13∆ mnd2∆ triple mutants is caused 
by chromosome missegregations. The recombination-independent function of 
Mnd2 that was observed by Rabitsch et al. (2001) is required to prevent loss of 






Figure 10. The inviability of spo11∆ spo13∆ mnd2∆ triple mutant spores is due to premature 
sister chromatid separation during premeiotic S- and prophase I 
spo11∆ spo13∆ (Z3933) and spo11∆ spo13∆ mnd2∆ (Z3394) cells (genotype: PDS1myc18 ura3/URA3-
GFP) were induced to enter meiosis.  
(A) The graphs show cells with replicated DNA, nuclear division, separated URA3-GFP dots, 
nuclear Pds1myc18 staining and metaphase spindles.  
(B) DNA (DAPI, blue), tubulin (red) and Pds1myc18 (white) were detected in cells at S- and 
prophase, metaphase and anaphase by indirect immunofluorescence. The percentages indicate 
the fraction of cells that are represented by the picture.  
(C) Indirect immunofluorescence analysis of cells at premeiotic S- and prophase, metaphase and 
anaphase. DNA (blue, blue), tubulin (red) and URA3-GFP were detected. The percentages 
indicated the fraction of cells that are represented by the picture. 
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Mnd2 is required to prevent premature cleavage of Rec8 by separase 
Premature sister chromatid separation in mnd2∆ mutants might be caused by 
premature activation of separase. To test this hypothesis, separase was 
inactivated in mnd2∆ cells specifically during meiosis, using the temperature-
sensitive (ts) mutant esp1-2. Diploid cells homozygous for the esp1-2 allele cannot 
separate sister chromatids at the non-permissive temperature (34°C) due to the 
inactivation of separase (Buonomo et al., 2000). mnd2∆ cells and mnd2∆ esp1-2 
double mutants were released into sporulation medium to undergo meiosis at 
non-permissive temperature (34°C). Indeed, sister chromatid separation was 
blocked in the mnd2∆ esp1-2 double mutants, whereas the mnd2∆ cells separated 
sisters prematurely (Figure 11A). Thus, premature separation of sister 
chromatids in meiotic mnd2∆ cells requires the activity of separase. This result 
also shows that loss of cohesion in mnd2∆ cells is not due to a defect in cohesion 
itself, because mnd2∆ esp1-2 cells were able to establish and to maintain sister 
chromatid cohesion (Figure 11A). Similar results were obtained by replacing 
Rec8 with the noncleavable version Rec8-N, which is resistant to cleavage by 
separase (Buonomo et al., 2000). Similar to the esp1-2 allele, the noncleavable 
Rec8-N, also prevented separation of sister chromatids in mnd2∆ cells (Figure 
11A, B). Both mutations could restore sister chromatid cohesion in mnd2∆ cells, 
suggesting that premature separation of sister chromatids in cells lacking Mnd2 
is due to premature loss of cohesion triggered by unrestrained activity of 
separase. 
Next, the behavior of Rec8 (tagged with Ha3) during premeiotic S- and prophase 
I was visualized by immunoblot analysis. Cleavage of Rec8 can be used as an 
assay for separase activity. wt and mnd2∆ cells were induced to enter meiosis. 
The strains that were used contained deletions of NDT80 and UBR1. Deletion of 
NDT80 prevents meiotic nuclear divisions (Xu et al., 1995) and therefore the 
cleavage of Rec8, which usually occurs at the metaphase-to-anaphase transition 





Figure 11. Mnd2 prevents premature activation of separase 
(A) mnd2∆ (Z4860) and mnd2∆ esp1-2 (Z3702) with heterozygous URA3-GFP dots (genotype: 
ura3/URA3-GFP) were induced to enter meiosis at 34˚C. The graphs show the 
percentages of cells with replicated DNA and separated URA3-GFP dots.  
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Deletion of UBR1, the ubiquitin ligase of the “N-end rule” pathway, prevents 
degradation of Rec8 fragments by the proteasome (Buonomo et al., 2000). Indeed, 
immunoblot analysis showed that full length Rec8ha3 disappeared and cleavage 
products accumulated in ndt80∆ ubr1∆ mnd2∆ cells during premeiotic S- and 
prophase I, whereas Rec8ha3 was stable in ndt80∆ ubr1∆ cells (Figure 11C). This 
shows that separase is active prematurely and promotes cleavage of Rec8 in 
mnd2∆ cells. 
In addition, chromosome spreading revealed that Rec8ha3 began to associate 
with chromosomes before onset of premeiotic DNA-replication and remained 
associated with chromosomes during premeiotic S- and prophase I in ndt80∆ 
cells. In contrast, Rec8ha3 initially associated with chromosomes in 58% of 
ndt80∆ mnd2∆ mutants, but then disappeared from the chromosomes before 
DNA-replication was completed (Figure 11D). This result implies that cohesion 
was never established in meiotic mnd2∆ cells. 
Rec8 is required during prophase I for the assembly of the synaptonemal 
complex (SC) (Klein et al., 1999), which connects homologues along their entire 
length in pachytene. The assembly of the synaptonemal complex was analyzed 
by detection of the SC component Zip1 (Sym et al., 1993). Zip1 decorated 
chromosome axes in 81% of ndt80∆ but not in ndt80 mnd2∆ cells. In 93% of ndt80∆ 
mnd2∆ cells at prophase I, Zip1 was concentrated in extra-chromosomal 
aggregates called polycomplexes. Interestingly, replacing REC8 with the 
noncleavable REC8-N-ha3 did not fully restore synapsis in mnd2∆ cells. 
Chromosomes of 75% of ndt80∆ mnd2∆ REC8-N-ha3 cells at pachytene exhibited 
________________________________________________________________________ 
(B) Meiosis was induced in mnd2∆ REC8-ha3 (Z5578) and mnd2∆ REC8-N-ha3 (Z5472). The 
percentages of cells with replicated DNA and separated URA3-GFP are shown in the graphs.  
(C) ndt80∆ ubr1∆ REC8/REC8ha3 (Z4386) and ndt80∆ ubr1∆ mnd2∆ REC8/REC8ha3 (Z4388) were 
transferred into sporulation medium (SPM). The fate of Rec8ha3 is shown by immunoblot 
analysis. Immunodetection of β-tubulin (Tub2) was use as a loading control. The numbers at the 
bottom of the panel indicate the percentages of cells that replicated their DNA.  
(D) ndt80∆ REC8ha3 (Z4619) and ndt80∆ mnd2∆ REC8ha3 (Z4621) cells were induced to enter 
meiosis. The graphs show the percentages of cells with replicated DNA and with staining from 
Rec8ha3 binding to chromosome spreads.  
(E) Chromosome spreads from different ndt80∆ strains (after 8 h after induction of meiosis) were 
stained for DNA, Rec8 and Zip1. Spreads were categorized in four classes. Class I: Rec8 and zip1 
loaded, no polycomplexes; class II: Rec8 and Zip1 loaded, polycomplex present; class III: Rec8 
loaded, Zip1 only partially loaded, polycomplex present; classs IV: Rec8 and Zip1 not loaded, 
polycomplex present. Strains from top to bottom: Z4619, Z5402, Z4975, Z4976, Z5941, Z4619. 
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Chromosomes decorated with Rec8 but only partially with Zip1, which was 
mostly concentrated in big polycomplexes. In contrast, 96% of ndt80∆ mnd2∆ 
esp1-2 REC8-ha3 cells at pachytene revealed fully synapsed chromosomes at the 
non-permissive temperature. Chromosomes of these cells were fully decorated 
with Rec8 and Zip1, although Zip1 also appeared in small polycomplexes (Figure 
11E). These data show that synapsis requires prevention of premature separase 
activation by Mnd2. However, in contrast to inactivation of separase, the 
blockage of Rec8 cleavage by the Rec8-N mutant was not sufficient to restore 
synapsis in mnd2∆ cells, suggesting additional events triggered by separase 
prevent synapsis of chromosomes. 
 
Lack of Pds1 during premeiotic S- and prophase I causes premature separation 
of sister chromatids  
mnd2∆ cells lack Pds1 and separate sister chromatids due to unrestrained 
separase activity during premeiotic S- and prophase I. To test whether lack of 
Pds1 is sufficient to cause premature loss of cohesion, Ha3-Pds1 was expressed 
from the mitosis-specific SCC1 promoter. This allowed unperturbed proliferation 
of the PScc1-Ha3-PDS1 cells. In contrast to proliferation, the PScc1-Ha3-PDS1 cells 
lacked Pds1 during meiosis. Similar to mnd2∆ cells, PScc1-Ha3-PDS1 cells 
separated sister chromatids prematurely during premeiotic S- and prophase I. 
Like mnd2∆ cells, PScc1-Ha3-PDS1 cells did not undergo meiotic nuclear divisions 
and failed to accumulate in time Ndt80-dependent proteins like Clb3 and Cdc20, 
indicating that these cells also arrested in prophase I due to the pachytene 
checkpoint (Figure 12A). However, Pds1 is not essential in proliferating cells and 
cells lacking Pds1 are defective in sister chromatid separation (Alexandru et al., 
2001), suggesting that Pds1 functions beside its inhibitory role as a chaperone for 
separase. Surprisingly, sister chromatids separated during meiosis in PScc1-Ha3-
PDS1 cells with kinetics similar to mutants lacking the cohesin Rec8 (Compare 
Figure12A with 8F), suggesting that separase was fully active. Is Pds1 not 
required to function as a chaperon for separase during meiosis? In PSCC1-Ha3-
PDS1 cells sister chromatids might separate efficiently during meiotic S- and 
prophase I, because separase is associated with Pds1 during the previous mitotic 
cycle. Alternatively, separase might be regulated differently during meiosis. To 
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test this, pds1∆ cells were induced to enter meiosis. pds1∆ cells separated sister 
chromatids prematurely, but with slower kinetics than PSCC1-Ha3-PDS1 cells 
(Figure 12A, and 12B). This is consistent with the notion that securin is needed 
for the full activation of separase. However, the absence of Pds1 during S- and 
prophase I is sufficient to promote premature sister chromatid separation during 
this stage of meiosis. As shown previously in this study, meiotic mnd2∆ cells lack 
Pds1 and sister chromatid cohesion due to unrestrained separase activity. 
Therefore, meiotic mnd2∆ cells might suffer from premature sister chromatid 





Figure 12. Lack of Pds1 is sufficient to promote premature separation of sister chromatids 
during meiotic S- and prophase I 
(A) Meiosis was induced in PSCC1-Ha3-PDS1 cells with heterozygous URA3-GFP dots (genotype: 
ura3/URA3-GFP) (Z4061). The graph shows the percentages of cells with replicated DNA, nuclear 
division and separated URA3-GFP dots. The panel shows immunoblot analysis of protein levels. 
The asterisk indicates non-specific, cross-reacting proteins. 
(B) pds1∆ cells with heterozygous URA3-GFP dots (genotype: ura3/URA3-GFP) (Z6017) were 
induced to enter meiosis. The graph shows the percentages of cells with replicated DNA, nuclear 







Mnd2 prevents premature APC/C-dependent proteolysis of Pds1 
As shown previously, the absence of Pds1 in meiotic mnd2∆ cells is sufficient to 
explain premature sister chromatid separation (Figure 12). What is the reason for 
the lack of Pds1 in mnd2∆ cells during S- and prophase I? Unlike classical APC/C 
subunits, Mnd2 is not required for Pds1’s destruction, but it is required for the 
accumulation of Pds1 (Figure 7). Thus, Mnd2 might be an antagonist of the 
APC/C during meiosis. Therefore, we tested whether Mnd2’s presence is 
required to prevent APC/C-dependent proteolysis of Pds1 during premeiotic S- 
and prophase I. First, Pds1myc18 was expressed in wt and in mnd2∆ cells from 
the early meiosis-specific DMC1 promoter. In wt cells, Pds1myc18 appeared 
during meiosis similar to Pds1 expressed from its own promoter and these cells 
underwent both meiotic nuclear divisions and separated sisters in time. In 
contrast, Pds1myc18 was absent in mnd2∆ cells and sister chromatids had already 
separated during S- and prophase I. Furthermore, spindle formation and meiotic 
nuclear division did not occur in mnd2∆ PDMC1-PDS1myc18, indicating that, like 
mnd2∆ cells, mnd2∆ PDMC1-PDS1myc18 cells arrest at pachytene. Consistent with 
these observations, the cells did not accumulate Cdc20, which is expressed after 
exit from pachytene (Figure 13). This result demonstrates that the reason for 
Pds1’s absence in mnd2∆ cells is post-transcriptional. 
The post-transcriptional mechanism that promotes the absence of Pds1 in mnd2∆ 
cells might be premature APC/C-dependent proteolysis. To test this, a mutant 
version of Pds1 was created that contains mutations in the D-box and KEN-box 
and is, therefore, resistant to APC/C-dependent proteolysis. As expression of 
such a non-degradable version of Pds1, Pds1(mDK)myc18 is toxic for 
proliferating cells, Pds1(mDK)myc18 was expressed from the early meiosis-
specific DMC1 promoter. Pds1(mDK)myc18 accumulated to high levels and 
blocked sister chromatid separation in wt and mnd2∆ cells (Figure 13). This 
suggests that APC/C-dependent proteolysis is responsible for Pds1’s absence in 
meiotic mnd2∆ cells. Furthermore, this result shows that mnd2∆ cells separate 
sister chromatids prematurely due to the lack of Pds1. Wild-type cells expressing 
non-degradable Pds1 accumulated Cdc20 at the appropriate time, assembled 
metaphase I spindles, and formed dyad spores (thereby fragmenting the 
chromatin). In contrast, mnd2∆ PDMC1-PDS1(mDK)myc18 cells did not accumulate 
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Cdc20 at the appropriate time, did not assemble metaphase I spindles on time 
and did not form spores, although sister chromatid cohesion was restored 
(Figure 13). Hence, restoring sister chromatid cohesion by stabilization of Pds1 
was not sufficient to silence the pachytene checkpoint. Consistent with this, esp1-
2 cells but not esp1-2 mnd2∆ double mutants were able to produce Cdc20 and 
accumulated metaphase I spindles (Data not shown). Therefore, inactivation of 
separase was not sufficient to silence the pachytene checkpoint in mnd2∆ cells. 
The pachytene checkpoint is active in cells that fail to complete meiotic 
recombination and chromosome synapsis (Roeder and Bailis, 2000). This 
suggests a role for Mnd2 in the completion of recombination or synapsis that is 





Figure 13. Mnd2 prevents premature APC/C-dependent proteolysis of Pds1 
MND2 and mnd2∆ strains with heterozygous URA3-GFP dots containing PDMC1-PDS1myc18 or 
PDMC1-PDS1(mDK)myc18 strains were induced to enter meiosis. The panel shows immunoblot 
analysis. The graphs show the percentages of cells with replicated DNA, separated URA3-GFP 
dots, metaphase I spindles, anaphase I or meiosis II spindles and spore formation. Strains from 









Reduced APC/C-activity restores meiotic nuclear divisions in mnd2∆ cells 
Accumulation of non-degradable Pds1 in mnd2∆ mutants (Figure 13) suggests 
that APC-dependent proteolysis prevents accumulation of Pds1 in mnd2∆ cells. If 
this is true, then it should be possible to restore Pds1 accumulation and to avoid 
premature loss of cohesion in mnd2∆ mutants by reducing APC/C’s activity. 
Indeed, deletion of the nonessential APC/C subunit Swm1 restored 
accumulation of Pds1myc18 in mnd2∆ cells (Figure 14A-C). In addition mnd2∆ 
swm1∆ double mutants performed both nuclear divisions and separated sisters 
on time at the onset of anaphase II (Figure 10A). 80% of these cells were also able 
to form normal four-spored asci, albeit with a delay of ∼5h. Nevertheless, 85% of 
these spores were viable. Chromosome spreads from ndt80∆ mnd2∆ swm1∆ 
mutants at pachytene were similar to that from ndt80∆ cells. Rec8 and Zip1 
decorated synapsed bivalents along their chromosome axes (Figure 14D). In 
conclusion, the defects resulting from the lack of Mnd2 can be compensated by 
deletion of the APC/C subunit Swm1. 
Similar results were obtained with the APC/C ts-mutation cdc27-663. mnd2∆ 
cdc27-663 double mutants at 30°C also accumulated Pds1 during meiotic S- and 
prophase I, performed both meiotic nuclear divisions and separated sister 
chromatids at the appropriate time, the onset of anaphase II (Figure 14E-F). Sixty 
percent of mnd2∆ cdc27-663 double mutants produced normal asci with 4 spores, 
and 88% of these spores were viable. 
Taken together, these data show that reduced APC/C-activity can restore 
meiotic nuclear divisions and the production of viable spores in mnd2∆ cells. This 





Figure 14. Reduced APC/C activity restores meiotic nuclear divisions in mnd2∆ cells 
(A) Analysis of mnd2∆ swm1∆ cells (genotype: PDS1/PDS1myc18 ura3/URA3-GFP) (Z4869) 
progressing through meiosis. The graphs show cells with replicated DNA, first and second 
meiotic nuclear, separated URA3-GPF dots and spore formation.  
(B) Immunodetection of APC/C substrates of mnd2∆ PDS1/PDS1myc18 (Z4860) and mnd2∆ 
swm1∆ PDS1myc18 (Z4869) cells undergoing meiotic nuclear divisions.  
(C) Immunofluorescence analysis of mnd2∆ swm1∆ PDS1/PDS1myc18 (Z4869) cells. Staining of 
DNA (DAPI, blue), tubulin (red) and Pds1myc18. The pictures represent ≥ 90% of cells at 
indicated stage. S/prophase cells were from t = 4 h.  
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Mnd2 inhibits the activity of the meiosis-specific APC/C-Ama1 
Mnd2 inhibits which activated form of the APC/C? Three different activators of 
the APC/C, Cdh1, Cdc20 and the meiosis-specific Ama1, are known to exist in 
budding yeast (Cooper et al., 2000; Schwab et al., 1997; Shirayama et al., 1998; 
Visintin et al., 1997). Mnd2 is essential for meiosis but not for mitosis. Therefore, 
it seemed likely that Mnd2 inhibits the meiosis-specific APC/C-Ama1. 
First, Ama1’s behavior in cells arrested at prophase I was investigated. Therefore, 
Myc18-AMA1 cells, that contained a deletion of NDT80 in order to synchronize 
the cells at prophase I, were released from G1 into meiosis. Immunofluorescence 
and immunoblot analysis from Myc18-Ama1 cells showed that Myc18-Ama1 
appeared in the nucleus as soon as cells start to enter premeiotic S-phase and 
remained present during prophase I (Figure 15A). Myc18-Ama1 was present in 
the nucleus from S- until metaphase II. From anaphase II Myc18-Ama1 was also 
present in the cytosol. Immunoprecipitation of the APC/C subunit Apc2 showed 
that as soon as Myc18-Ama1 appeared it associated with Apc2, suggesting that 
APC/C-Ama1 assembles during premeiotic S-phase (Figure 15A). Thus, APC/C-
Ama1 is present during prophase I, the stage where Mnd2 is required.  
Next, it was tested whether Mnd2 antagonizes APC/C-Ama1. mnd2∆ ama1∆ 
double mutants were created, and these cells were induced to enter meiosis. In 
contrast to mnd2∆ cells, mnd2∆ ama1∆ double mutants were able to accumulate 
Pds1myc18 during premeiotic S- and prophase I, they could perform both 
meiotic nuclear divisions, and they separated sister chromatids properly at the 
onset of anaphase II. Similar to ama1∆ single mutants (Cooper et al., 2000; 




(D) Chomosomes from ndt80∆ mnd2∆ swm1∆ REC8ha3 cells (Z4977) were spread after 8h in SPM. 
Staining of DNA, Rec8ha3 and Zip1. The picture represents 73% of the cells.  
(E) Analysis of mnd2∆ cdc27-663 PDS1myc18 cells (Z4977) progressing through meiosis. The 
graphs show cells with replicated DNA, first and second meiotic nuclear, separated URA3-GPF 
dots and spore formation.  
(F) Immunofluorescence of mnd2∆ cdc27-663 PDS1myc18 (Z4891) cells at different stages of 
meiosis. DNA (DAPI, blue), tubulin (red) and Pds1myc18 were detected. The pictures represent ≥ 






Figure 15. APC/C-Ama1 assembles during meiotic S- and prophase I 
(A) Meiosis was induced in ndt80 Myc18-AMA1 (Z4168) cells. The panel shows immunoblot 
analysis of Apc2 and Myc18-Ama1 in extracts and α- Apc2 immunoprecipitates. The graphs 
show percentages of cells with replicated DNA, nuclear division and nuclear Myc18-Ama1.  
(B) Indirect immunofluorescence analysis of Myc18-AMA1 cells (Z3052) progressing through 
meiosis. Staining of DNA (blue), Tubulin (red) and Myc18-AMA1. The percentages of cells 





Figure 16. Mnd2 inhibits APC/C-Ama1 
(A) mnd2∆ ama1∆ PDS1myc18 cells containing heterozygous URA3-GFP chromosome dots 
(ura3/URA3-GFP) (Z3813) were transferred into SPM. The graph shows the percentages of cells 
with replicated DNA, first and second nuclear division, nuclear Pds1myc18, separated URA3-
GFP dots and spore formation.  
(B) mnd2∆ PDS1myc18 (Z4860) and mnd2∆ ama1∆ PDS1myc18 (Z3813) cells were induced to enter 
meiosis and analyzed by immunoblot analysis.  
(C) Meiotic mnd2∆ ama1∆ PDS1myc18 (Z3813) cells were analyzed by in-situ 
immunofluorescence. DNA (DAPI, blue), tubulin (red) and Pds1myc18 was detected. The 
pictures represent ≥ 90% of cells at indicated stage. S/prophase cells were from t = 4 h.  
(D) Chromosomes from arrested ndt80∆ mnd2∆ ama1∆ REC8ha3 cells (Z4620) were spread 8h after 
induction of meiosis. Staining of DNA, Rec8ha3 and Zip1. The picture represents 81% of the cells.  
(E) Meiosis was induced in ndt80∆ PDS1myc18, ndt80∆ mnd2∆ PDS1myc18, and ndt80∆ mnd2∆ 
ama1∆ PDS1myc18 cells. The graphs show the percentages cells with replicated DNA, nuclear 
division and separated URA3-GFP dots during meiosis. The panel shows immunodetection of 
APC/C substrates. Strains from left to right: Z4726, Z4703, Z5163. The Sgo1 levels were analyzed 
in the corresponding SGO1myc9 strains: Z4726, Z4703 and Z5136. 
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In addition, mnd2∆ ama1∆ cells lacking Ndt80 and thus arrested at prophase I, 
behaved similar to ndt80∆ cells and did not separate sister chromatids 
prematurely like ndt80∆ mnd2∆ cells (Figure 16E). This suggests that sister 
chromatid cohesion was stably maintained in ndt80∆ mnd2∆ ama1∆ cells. 
Additionally, chromosome spreads from these ndt80∆ mnd2∆ ama1∆ cells at 
pachytene stage were indistinguishable from those of ndt80∆ cells. Like in ndt80∆ 
cells, ndt80∆ mnd2∆ ama1∆ cells exhibited synapsed bivalents decorated with 
Rec8 and Zip1 (Figure 16D). Taken together, these experiments show that Ama1 
is required for premature Pds1 destruction and premature loss of sister 
chromatid cohesion in mnd2∆ cells at premeiotic S- and prophase I.  
During this study, immunoblot analysis revealed that deletion of MND2 caused 
low levels of Clb5. This became more obvious when wt and mnd2∆ cells were 
both synchronized at prophase I due to the deletion of NDT80. Low levels of 
Clb5 could be recovered upon deletion of AMA1 (Figure 16E). Additionally, the 
levels of Myc9 tagged Shugoshin (Sgo1myc9), a protein that is required to protect 
cohesin at the centromeres in meiosis I (Katis et al., 2004a; Kitajima et al., 2004; 
Marston et al., 2004b; Rabitsch et al., 2004), were also low at prophase in mnd2∆ 
cells. Similar to Clb5, normal levels of Sgo1myc9 in the mnd2∆ mutants could be 
recovered upon deletion of AMA1 (Figure 16E). Taken together, these data 
demonstrates that the levels of Clb5 and Sgo1 are decrease upon activation of 
APC/C-Ama1, suggesting that Clb5 ans Sgo1 are substrates of APC/C-Ama1.  
 
APC/C-Cdc20 and APC/C-Cdh1 do not contribute to premature Pds1 
degradation in mnd2∆ cells 
Do APC/C-Cdc20 and/or APC/C-Cdh1 contribute to premature Pds1 
degradation in mnd2∆ cells? Cdc20 is undetectable in extracts of meiotic mnd2∆ 
cells, suggesting that it might not be responsible for Pds1 degradation in mnd2∆ 
cells (Figure 10A). This result was confirmed with mnd2∆ cells  expressing Cdc20 
solely from the mitosis-specific CLB2 promoter, which also accumulated 
Pds1myc18 and did not progress into metaphase I. mnd2∆ PCLB2-CDC20 cells 
behaved indistinguishable from mnd2∆ cells (Figure 17A). This argues against 
any contribution of Cdc20 to premature Pds1 degradation in mnd2∆ cells.  
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To test whether Cdh1 contributes to Pds1 degradation in mnd2∆ cells, mnd2∆ 
cdh1∆ double mutants were induced to enter meiosis. In contrast to mnd2∆ single 
mutants, the mnd2∆ cdh1∆ double mutants could accumulate significant amounts 
of Pds1myc18, as shown by immunoblot analysis. However, extracts of mnd2∆ 
cdh1∆ cells contained not only the meiosis-specific protein Ama1 but also Clb2 
(Figure 17B), which is mitosis-specific, indicating that some cells had entered 
meiosis whereas other cells continued with aspects of the mitotic cell cycle. Thus, 
single cell analysis by indirect immunofluorescence was performed. In order to 
identify single cells that have entered the meiotic program, strains were used that 
contained REC8-N-ha3. REC8-N-ha3 cells that have entered meiosis show a bright 
nuclear staining of Rec8-N-ha3. Cells that have no Rec8-N-ha3 staining are still 
mitotic. Analysis of Pds1myc18 in meiotic (Rec8-N-ha3 positive) mnd2∆ cdh1∆ 
REC8-N-ha3 cells revealed that Pds1myc18 was absent in 96% of these cells at S- 
and prophase I. Similar results were obtained for mnd2∆ REC8-N-ha3 cells. 94% 
of Rec8-N-ha3 positive cells at S- and prophase I had no staining for Pds1myc18. 
In contrast, 89% of Rec8-N-ha3 positive wt-cells and 93% of Rec8-N-ha3 positive 
cdh1∆ cells could accumulate Pds1myc18 in the nucleus (Figure 17C). Thus, 
deletion of CDH1 in mnd2∆ cells did not restore accumulation of Pds1myc18 in 
premeiotic S -and prophase I. In addition, most of the Rec8-N-ha3 negative cells 
stained positive for Pds1myc18. Thus, the accumulation of Pds1myc18 detected 
in extracts of mnd2∆ cdh1∆ cells originated from non-meiotic (Rec8-N-ha3 
negative) cells. This demonstrates that Cdh1 does not contribute to Pds1 
degradation in mnd2∆ cells during early meiosis. Taken together, these data 
suggests that Mnd2 does not inhibit APC/C-Cdc20 and APC/C-Cdh1 during 
premeiotic S-and prophase I. Mnd2 specifically inhibits the activity of meiosis-






Figure 17. Mnd2 restrains neither the activity of APC/C-Cdh1 nor APC/C-Cdc20 
(A) Meiosis was induced in mnd2∆ PDS1myc18 (Z3157) and mnd2∆ PCLB2-CDC20 PDS1myc18 
(Z3456) The panel shows immunoblot analysis of APC/C substrates. The graphs show the 
percentages of cells with replicated DNA, meiotic nuclear division and metaphase I spindle.  
(B) mnd2∆ PDS1myc18 (Z2829) and mnd2∆ cdh1∆ PDS1myc18 (Z3694) cells were induced to enter 
meiosis. Immunodetection of proteins. 
(C) Strains containing REC8-N-ha3 and Pds1myc18 (genotype: REC8/REC8-N-ha3 
PDS1myc18/PDS1myc18) were induced to progress through meiosis. Cells were analyzed by in-
situ immunofluorescence detecting DNA (DAPI, blue), tubulin (red), Rec8-N-ha3 and 
Pds1myc18. The percentage of cells represented by the picture is indicated. Strains from top to 
bottom: wt (Z5722), cdh1∆ (Z5732), mnd2∆ (Z5721), mnd2∆ cdh1∆ (Z5723). 
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Mnd2 inhibits APC/C activity induced by Ama1 expression in mitotic cells 
Is Mnd2 essential for meiosis but not for mitosis, because Ama1 is exclusively 
present during meiosis? To test this, cDNA that encodes for Myc9-Ama1 was 
expressed from the weak, galactose-inducible GALL promoter in vegetative 
haploid wt and mnd2∆ cells.  Cycling wt and mnd2∆ cells were arrested in G1 
with α factor, expression of Myc9-AMA1(cDNA) was induced by addition of 
galactose, and cells were released into medium lacking α factor. In contrast to wt 
cells, mnd2∆ cells did not assemble spindles and arrested with a large bud in G2. 
In extracts from these PGALL-Myc9-cAMA1 mnd2∆ cells the APC/C-substrates 
Pds1ha6, Clb5 and Clb2 decreased and failed to re-accumulate whereas Cin8 was 
stable. This suggests that Mnd2 becomes essential in vegetative cells upon 
expression of Ama1 (Figure 18). Are low levels of Pds1 in PGALL-Myc9-cAMA1 
mnd2∆ cells due to APC/C-Ama1 activity? PGALL-Myc9-cAMA1 mnd2∆ cells also 
contain low levels of cyclins. Therefore APC/C-Cdh1 might be responsible for 
the decrease of Pds1 in these cells. Similar to mnd2∆ cells expressing Myc9-
AMA1(cDNA), cells overexpressing CDH1 arrest in G2. Nevertheless Clb5 and 
Pds1 remain stable in these cells (Schwab et al., 1997; Visintin et al., 1997), 
suggesting that the phenotype caused by overexpression of Ama1 in vegetative 
mnd2∆ cells is not due to activation of Cdh1 and is most likely caused by APC/C-
Ama1. Thus, Mnd2 can inhibit degradation of APC/C substrates induced by 









Figure18. Mnd2 inhibits APC/C-Ama1 in proliferating cells expressing Ama1 
Vegetative haploid PDS1ha6 (Z4113) and mnd2∆ PDS1ha6 (Z4118) strains (W303) containing PGALL-
Myc9-cAMA1 were grown in YP-raffinose at 25˚C and arrested in G1 with α-factor. Galactose was 
added and 30 min later cells were released into YP-raffinose/galactose without α-factor at 30˚C. 
The panel shows immunodetection of protein levels. The graphs show the percentages of cells 
with buds, replicated DNA, short and long spindle. 
 
Mnd2 inhibits the assembly and the ubiquitin ligase activity of APC/C-Ama1 
Mnd2 inhibits the meiosis-specific APC/C-Ama1 during premeiotic S- and 
prophase I (Figure 16). What is the biochemical mechanism of the inhibition of 
APC/C-Ama1 by Mnd2? One possibility is that Mnd2 inhibits the association of 
Ama1 with the APC/C core complex. Alternatively, Mnd2 could inhibit APC/C-
Ama1’s ligase activity. To test whether Mnd2 inhibits the APC/C-Ama1 
assembly, the association of Ama1 to the APC/C core complex during premeiotic 
S- and prophase I was analyzed in wt and mnd2∆ cells synchronized at prophase 
I by the deletion of NDT80. Ama1 accumulated to similar levels in extracts from 
both strains. However, α-Apc2 immunoprecipitation revealed that more Ama1 
was found in immunoprecipitates from ndt80∆ mnd2∆ cells than in precipitates 
from ndt80∆ cells (Figure 19A). Thus, Mnd2 reduced, but did not totally block, 
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the association of Ama1 with the APC/C core complex. Interestingly, lack of 
Mnd2 reduced the modification of Ama1. This modification was sensitive to 
phosphatase and could be protected from the effect of phosphatase with 
phosphatase inhibitors. In addition, all modifications disappeared after mutating 
all Ser/Thr-Pro sites to Ala-Pro (Figure 19B), suggesting that Ama1 is 
phosphorylated by a kinase with Cdk1-like specificity. The mutant Ama1m8 was 
functional and did not detectably change the behavior of wt and mnd2∆ cells. 
Comparable to Ama1, higher amounts of Ama1m8 were found in α-Apc2 
immunoprecipitates from ndt80∆ mnd2∆ cells than in the precipitates from 
ndt80∆ cells (Figure 19A). Thus, Mnd2 reduced the association of Ama1 to the 
APC/C core complex during premeiotic S- and prophase I independently of its 
effect on Ama1’s phosphorylation.  
Is Mnd2 an inhibitor of the APC/C-Ama1 because it inhibits the assembly of 
APC/C-Ama1? If Mnd2’s function is to inhibit the assembly of APC/C-Ama1 
then it should be possible to overcome Mnd2’s inhibition of APC/C-Ama1 by 
allowing more Ama1 to bind to the APC/C. The formation of the APC/C-Ama1 
holoenzyme, monitored by the levels of Ama1 in α-Apc2 immunoprecipitates, 
was obviously increased after induction of the expression of AMA1 from the 
GALL-promoter in addition to its endogenous expression during premeiotic S- 
and prophase I (Figure 19C). However, the amount of Pds1myc18 in extracts of 
these cells did not decrease although high amounts of the APC/C-Ama1 
holoenzyme were present (Figure 19C) indicating that APC/C-Ama1 was still 
inactive. Promotion of the assembly of APC/C-Ama1 did not lead to premature 
degradation of Pds1, suggesting that Mnd2 still inhibits APC/C-Ama1 even 
upon increased formation of APC/C-Ama1. Taken together, these data show that 
Mnd2 reduces but does not block the assembly of APC/C-Ama1, and in 






Figure 19. Mnd2 inhibits the assembly and the ubiquitin ligase activity of APC/C-Ama1  
(A) Meiosis was induced in ndt80∆ AMA1and ndt80∆ AMA1m8 strains containing MND2 or 
mnd2∆. The figure shows immunoblot analysis of extracts and α-Apc2 immunoprecipitates. 
Strains from left to right: Z5588, Z5589, Z5590, Z5591.  
 
 58 
Ama1 contributes to the destruction of Pds1 during meiosis I and is required 
after meiosis II for sporulation   
The function of Ama1 during meiosis has not been thoroughly investigated. 
APC/C-Ama1 assembled already during premeiotic S-phase (Figure 15A, 19A) 
although the enzyme is required later during meiosis for sporulation (Cooper et 
al., 2000; Rabitsch et al., 2004). Therefore, APC/C-Ama1 might have a function 
early during meiosis. Thus, the function of Ama1 was analyzed in detail. To do 
so, wt and ama1∆ cells were induced to progress through meiosis synchronously. 
ama1∆ cells replicated their DNA normally and accumulated Pds1 during 
premeiotic S- and prophase I. These cells performed both meiotic nuclear 
divisions and separated sister chromatids at the onset of anaphase II. 
Nevertheless, ama1∆ cells failed to sporulate (Figure 20A). These results are 
consistent with the recent literature (Cooper et al., 2000; Rabitsch et al., 2004). 
Immunoblot analysis showed that the destruction of APC/C-substrates like 
Cin8, Ase1, Clb3, Clb5 and Cdc20 was delayed during late meiosis (Figure 20B). 
High levels of Cyclins during late meiosis might inhibit sporulation by 
preventing the exit of meiosis II.  
Interestingly, ama1∆ cells accumulated meiosis I spindles (Figure 20A). 
Immunofluorescence analysis revealed that 67% ama1∆ cells did not degrade 
Pds1myc18 at early anaphase of meiosis I, but 100% of the cells did at late 
anaphase I. In contrast to the ama1∆ mutant, almost all wt cells have degraded 
Pds1myc18 by early anaphase I. Only 8% of wt cells at early anaphase I still 
contained Pds1myc18 (Figure 20C). These data reveals that APC/C-Ama1 has a 
function early during meiosis at the metaphase-to-anaphase transition of meiosis 
I. Taken together, these results show that Ama1 contributes to the destruction of  
 
________________________________________________________________________ 
(B) ndt80∆ AMA1 and ndt80∆ AMA1m8 cells (Z6194 and Z6915) were induced to enter meiosis. 
Extracts from these cells 8 h after induction of meiosis were subjected to immunoprecipitation 
using α-Myc antibodies. Immunoprecipitates were either treated with calf intestine phosphatase 
(CIP) or with CIP and phosphatase inhibitors. Immunoprecipitates were incubated at 37˚C for 30 
min. Untreated immunoprecipitate incubated at 37˚C for 30 min served as a control.  
(C) ndt80∆ cells containing PGALL-AMA1 PGPD-GAL4-ER (Z6291) were transferred into sporulation 
medium (SPM). 6 hours after induction of meiosis the culture was split. In one culture expression 
of Ama1 from the GALL-promoter was induced by addition of β-estradiol (1µM). The figure 






Figure 20. Ama1 is required for sporulation and contributes to meiosis I 
Meiosis was induced in wt and ama1∆ cells.  
(A) The graphs show the percentages of PDS1myc18 (Z4861) and ama1∆ PDS1myc18 (Z4308) cells 
containing heterozygous URA3-GFP dots (ura3/URA3-GFP) with replicated DNA, first and 
second nuclear division, nuclear Pds1myc18, separated URA3-GFP, meiosis I spindles, meiosis II 
spindles and spore formation.  
(B) Immunodetection of APC/C substrates from extracts of wt (Z2827) and ama1∆ (Z3184) cells 
progressing through meiosis. 
(C) Immunofluorescence of wt (Z2827) and ama1∆ (Z3184) cells at metaphase I, early and late 
anaphase I. DNA (DAPI, blue), tubulin (red) and Pds1myc18 was detected. The percentages of 






Pds1 during meiosis I, and it is necessary for the timely to the destruction of 
some APC/C substrates at late stages of meiosis, and it is required for 
sporulation. 
 
Regulation of Mnd2 
Ama1 is required for sporulation (Cooper et al., 2000; Rabitsch et al., 2001) 
(Figure 20), a differentiation process that succeeds meiosis II. This suggests that 
sporulation requires the activation of APC/C-Ama1. APC/C-Ama1 is kept 
inactive by Mnd2 during premeiotic S- and prophase I (Figure 16), suggesting 
that sporulation requires inactivation of Mnd2. 
As shown above, Mnd2 is not a permanent subunit of the meiotic APC/C and 
disappears at anaphase II (Figure 6). Is Mnd2’s disappearance necessary for 
APC/C-Ama1’s activation? To test this, Mnd2 was expressed from the inducible 
GAL promoter, in addition to its endogenous expression 6 hours after induction 
of meiosis. Indeed, Mnd2 levels could be stabilized upon induction of the GAL 
promoter. Immunoprecipitation experiments showed that Mnd2 remained 
associated with the Myc9-tagged APC/C-subunit Apc2 during the entire meiotic 
time course, rather than disappearing at anaphase II. However, these cells 
performed both meiotic nuclear divisions and sporulated with normal kinetics 
(Figure 21), indicating that activation of APC/C-Ama1 was not affected. Thus, 
disappearance of Mnd2 is not essential for the activation of APC/C-Ama1.  
In addition, this study showed that Ama1 contributes the timely destruction of 
Pds1myc18 at the metaphase-to-anaphase transition of meiosis I (Figure 18A and 
18B). Therefore, APC/C-Ama1 is already active at a stage of meiosis where Mnd2 
is still present. This result suggests that Mnd2 has to be inactivated prior to 
anaphase II.  
As cells entered meiosis Mnd2 appeared in increasingly slower migrating forms 
judged by SDS-PAGE and immunodetection (Figure 21), suggesting that Mnd2 is 





Figure 21. Mnd2’s disappearance is not essential sporulation 
APC2myc9 cells containing PGAL-MND2 PGPD-GAL4-ER (Z4546) were induced to enter meiosis. 6 
hours after induction of meiosis the culture was split. In one culture, expression of Mnd2 from 
the GAL-promoter was induced by addition of β-estradiol (1µM). The panel shows 
immunodetection of APC/C subunits in extracts and α-Myc immunoprecipitates. The graphs 




To test whether Mnd2 is specifically phosphorylated during meiosis, Mnd2ha6 
was immunoprecipitated from diploid MND2ha6 cells 6 hours after induction of 
meiosis. Treatment of purified Mnd2ha6 with calf intestinal alkaline phosphatase 
(CIP) reduced the slower migrating forms of Mnd2ha. This reaction could be 
inhibited with phosphatase inhibitors (Figure 22), showing that Mnd2 is 
specifically phosphorylated in meiosis. Phosphorylation of Mnd2 might be a 





Figure 22. Mnd2 is phosphorylated specifically during meiosis 
MND2-ha6 cells (Z2465) were transferred into sporulation medium (SPM) for 6h. Mnd2ha6 was 
immunoprecipitated with a α-HA antibody. The immunoblot shows extracts from mitotic and 
meiotic (6h in SPM) Mnd2ha6 cells and α-HA immunoprecipitates treated with calf intestine 
phosphatase (CIP) and phosphatase inhibitors and incubated at 37˚C. Untreated α-HA 
immunoprecipitate at 37˚C served as a control. 
 
Mnd2-independent regulation of APC/C-Ama1 
Analysis of mnd2∆ cells undergoing meiotic nuclear divisions revealed that 
Mnd2 inhibits APC/C-Ama1 during premeiotic S- and prophase I but not upon 
formation of a metaphase I spindle (Figure 9 and 10). This implies that Ama1 is 
inhibited at metaphase I by at least one additional, Mnd2-independent 
mechanism. In contrast to S- and prophase where M-phase promoting cyclin-
dependent-kinase (CDK) activity is low, M-phase-promoting CDK-activity is 
high at metaphase. Therefore, M-phase promoting CDK activity might inhibit 
APC/C-Ama1 independently from Mnd2. To test whether M-phase-promoting 
CDK activity can inhibit APC/C-Ama1 independent of Mnd2, one of the M-
phase promoting cyclins, Clb1, was expressed in mnd2∆ cells from the early 
meiosis-specific DMC1 promoter. Indeed, expression of Clb1 early during 
meiosis could restore Pds1 accumulation during premeiotic S- and prophase I in 
mnd2∆ cells and allowed these cells to perform both meiotic nuclear divisions 
and to sporulate (Figure 23). 66% of these spores were viable. This suggests that 
APC/C-Ama1 can be inhibited by M-phase-promoting CDK activity. In contrast, 
high levels of the S-phase-promoting cyclin Clb5 were not sufficient to inactivate 
APC/C-Ama1 in mnd2∆ cells (Figure 23). Thus, M-phase but not S-phase 








Figure 23. Expression of the M-phase promoting cyclin Clb1 but not of the S-phase promoting 
cyclin Clb5 early during meiosis restores nuclear division in mnd2∆ cells 
Meiosis was induced in mnd2∆ PDS1myc18 (Z2829), mnd2∆ PDMC1-CLB1ha6 PDS1myc18 cells 
(Z5319) and in mnd2∆ PDMC1-CLB5ha3 (Z5331). The graph shows the percentages of cells with 







Cohesion must be protected during premeiotic S- and prophase I 
Maintenance of cohesion from S- until metaphase is essential for proper sister 
chromatid segregation during mitosis. Cohesion provides a linkage between 
sister chromatids, which ensures that identical sets of sister chromatids are 
distributed to the progeny (Nasmyth, 2001). Missegregation of chromosomes 
during mitosis is implicated in cancer (Jallepalli and Lengauer, 2001).  
During meiosis, cohesion must persist from premeiotic S-phase even until 
metaphase of meiosis II. In addition, the first meiotic nuclear division is preceded 
by an extended prophase I during which homologous chromosomes undergo 
recombination. This period is much longer than the corresponding mitotic 
counterpart. This becomes very obvious in the case of humans, where oocytes 
can last for up to several decades at prophase until ovulation is induced by 
gonadotropin.  
Successful completion of recombination also requires cohesion. Defects in 
cohesion result in defective recombination, which can then lead to failures in 
proper chromosome segregation during meiosis I. Defects in sister chromatid 
cohesion affect double strand break (DSB) repair in both mitosis and meiosis. 
During meiotic recombination, DSBs are generated and their repair depends on 
the meiotic cohesin complex. Defective recombination can result either in a cell 
cycle arrest at prophase I due to the pachytene checkpoint or in the production of 
achiasmatic chromosomes, which leads to random segregation of maternal and 
paternal chromosomes during meiosis I. Indeed, a significant reduction in 
recombination is a feature of all meiosis I-derived trisomies in humans (Hassold 
and Hunt, 2001). Additionally, the alignment of homologous chromosomes at the 
metaphase I spindle depends on a small fraction of cohesion distal from the 
chiasmata (Buonomo et al., 2000; Kitajima et al., 2003). As shown in fission yeast, 
loss of cohesion only along chromosomal arms can lead to random segregation of 
homologues during meiosis I (Kitajima et al., 2003). Likewise, premature loss of 
sister chromatid cohesion is suspected to be involved in human aneuploidies 
(Hassold and Hunt, 2001). In conclusion, maintenance of sister chromatid 
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cohesion is essential to prevent failures in meiotic chromosome segregation 
which lead to the production of aneuploid gametes. 
This study demonstrates that Mnd2, a subunit of the APC/C is required to 
protect cohesion during premeiotic S- and prophase I. In cells lacking Mnd2, the 
meiosis-specific APC/C-Ama1 enzyme promotes the premature degradation of 
securin/Pds1. This results in premature sister chromatid separation due to 
unrestrained separase activity (Figure 24). Due to the lack of cohesion, mnd2∆ 




Figure 24. Mnd2 prevents premature sister chromatid separation triggered by APC/C-Ama1 
Mnd2 is required to inhibit APC/C-Ama1 during premeiotic S- and prophase I. In cells lacking 
Mnd2, APC/C-Ama1 triggers the degradation of Pds1, which leads to premature sister 
chromatid separation due to unrestrained separase activity. 
 
 
This model is also supported by Penkner et al. (2005), who showed, 
independently of this work, that Mnd2 is essential for the protection of cohesion 
during premeiotic prophase I. Using genetics and cytology, they also showed, 
that Mnd2’s function is to antagonize APC/C-Ama1 during prophase I in order 





Lack of Pds1 in meiotic mnd2∆ cells promotes premature separation of sister 
chromatids 
Separase is present throughout mitosis (Ciosk et al., 1998) and meiosis (Elwy 
Okaz, personal communication). Therefore, its ability to destroy cohesin has to 
be tightly controlled. In mitosis, the association of separase with securin/Pds1 
forms a catalytically inactive separase/securin complex (Ciosk et al., 1998). 
Nevertheless, loss of Pds1 does not promote premature sister chromatid 
separation in mitosis. A possible reason for this is that cohesin cleavage in yeast 
partially requires the activity of the Polo kinase Cdc5, which is thought to 
phosphorylate cohesin’s Scc1 subunit and thereby facilitate its cleavage by 
separase (Alexandru et al., 2001). Furthermore, separase is inhibited by Cdk1 in 
vertebrate cells (Stemmann et al., 2001). These partially redundant mechanisms 
by which cohesin cleavage is controlled explain why Pds1 is not required to 
prevent premature separation of sister chromatids in mitotic cells. Furthermore, 
published data indicates that securin/Pds1 is not only required to inhibit 
separase activity but also to promote it. For example, securins in fission yeast 
(Cut2) and Drosophila (pimples) are essential for sister chromatid separation 
(Funabiki et al., 1996a; Stratmann and Lehner, 1996) as is the budding yeast 
securin, Pds1, at high temperatures (Yamamoto et al., 1996). Therefore, it has 
been proposed that securin/Pds1 is a chaperone for separase.  
However, this study showed that securin/Pds1 is essential for the persistence of 
sister chromatid cohesion during premeiotic S- and prophase I in S. cerevisiae. 
Cells lacking securin/Pds1 due to inappropriate APC/C activity during S- and 
prophase I separated sister chromatids due to unrestrained separase activity. The 
same was true for cells expressing Pds1 solely from a mitosis-specific promoter. 
Cells containing a deletion of PDS1 also separated sister chromatids but with 
significantly slower kinetics, suggesting that separase was not fully active. In 
contrast to mnd2∆ and PSCC1-HA3-PDS1 cells, pds1∆ cells lack Pds1 during 
proliferation. Full activation of separase during premeiotic S- and prophase I 
might require the presence of separase’s inhibitory chaperone Pds1 during the 
preceding mitosis. Nevertheless, during meiosis and in contrast to mitosis, cells 
either meiosis-specifically depleted for Pds1 or containing a PDS1 deletion 
separated their sister chromatids prematurely, suggesting that lack of Pds1 
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during premeiotic S- and prophase I results in premature loss of cohesion due to 
mis-regulation of separase. This demonstrates that there are no additional 
mechanisms controlling the cleavage of cohesin, in contrast to mitosis.  
 
Mnd2 inhibits specifically APC/C-Ama1 
Mnd2 specifically inhibits APC/C-Ama1. This conclusion is based on the 
following findings. First, the absence of Pds1 in mnd2∆ cells depends on the 
integrity of the APC/C. APC/C mutations, like deletion of the APC/C subunit 
Swm1/Apc13 or the temperature-sensitive allele of the APC/C subunit Cdc27 
were able to restore Pds1 accumulation during meiotic S- and prophase I, both 
meiotic nuclear divisions, and the production of viable spores. Second, the 
absence of Pds1 was also dependent on degradation motifs in Pds1 that are 
required for APC/C-dependent proteolysis. Finally, deletion of AMA1 restored 
accumulation of Pds1 whereas neither deletion of CDH1 nor depletion of CDC20 
had any effect on the stability of Pds1 during premeiotic S- and prophase I. 
Taken together, these data strongly suggest that the APC/C subunit Mnd2 is an 
inhibitor of APC/C-Ama1. Penkner et al. (2005) came to a similar conclusion. 
They were able to suppress the prophase defects in mnd2∆ by APC/C mutations 
and by the deletion of AMA1, but not of CDC20 or CDH1. Nevertheless, to prove 
that Mnd2’s inhibition towards APC/C-Ama1 is direct, Mnd2’s properties have 
to be examined in vitro with purified components. Indeed, consistent with the 
physiological data that are presented in this study, Martin Schwickart from our 
laboratory confirmed that, in vitro, Mnd2 was able to inhibit the ubiquitination 
of Pds1 catalyzed by APC/C-Ama1 but not by APC/C-Cdc20 or APC/C-Cdh1, 
proving that Mnd2 is a direct inhibitor of APC/C-Ama1. In vitro, stoichiometric 
amounts of Mnd2 were sufficient to inhibit the activity of APC/C-Ama1 toward 
Pds1 (Oelschlaegel et al., 2005). 
The fact that Mnd2 inhibits only APC/C-Ama1 explains why mnd2∆ mutants do 
not have any detectable phenotype during mitosis. However, Mnd2 was 
essential in cells that express Ama1 during proliferation, indicating that Mnd2 is 




Mnd2 is an inhibitory subunit of the APC/C  
Several proteins were identified that restrict the activity of the APC/C, including 
Emi1/Rca1, RASSF1A, MAD2B/MAD2L2, the SAC, and Mes1 (Chen and Fang, 
2001; Grosskortenhaus and Sprenger, 2002; Izawa et al., 2005; Pfleger et al., 2001; 
Reimann et al., 2001a; Yu, 2002). These APC/C inhibitors are thought to inhibit 
the APC/C by direct interaction with the activator proteins Cdc20 and Cdh1 
(Grosskortenhaus and Sprenger, 2002; Hsu et al., 2002; Hwang et al., 1998; Izawa 
et al., 2005; Pfleger et al., 2001; Reimann et al., 2001a; Song et al., 2004).  
Martin Schwickart from our laboratory found that Mnd2 is associated with the 
APC/C in stoichiometric amounts during, suggesting that Mnd2 is in contrast to 
all other APC/C inhibitors a stoichiometric subunit of the APC/C during 
(Oelschlaegel et a., 2005). In addition he found that deletion of Mnd2 did not 
affect the association of other subunits with the APC/C. However, Aliona 
Bogdanova from the same laboratory discovered that the MND2 deletion was 
lethal in combination with the apc mutations cdc16-1 and cdc23-1 (Aliona 
Bogdanova, personal communication), suggesting that loss of Mnd2 might 
render the complex more sensitive to additional mutations. Mnd2 is an integral 
part of the APC/C and as such is the first inhibitory subunit of the APC/C 
described so far. 
 
Mechanism of APC/C-Ama1’s inhibition by Mnd2 
Mnd2 is a stoichiometric subunit of the APC/C during prophase I and Mnd2 acts 
as an inhibitor of the APC/C-Ama1 while incorporated into the APC/C-Ama1 
holoenzyme (Oelschlaegel et al., 2005). Mechanistically how Mnd2 mediates the 
inhibition of APC/C-Ama1 activity within the APC/C remains less understood. 
However, some findings have been made during this study that offer some 
insights into how Mnd2 act. In vivo, Mnd2 reduced but did not completely block 
the association of Ama1 with the APC/C. Overexpression of Ama1 during 
prophase I led to an increased formation of the APC/C-Ama1 holoenzyme. 
However, this enhanced assembly of APC/C-Ama1 during prophase I did not 
lead to premature degradation of Pds1, suggesting that Mnd2 does not only 
inhibit binding of Ama1 to the APC/C but also inhibits the enzymatic activity of 
APC/C-Ama1. This result is consistent with in vitro observations that were 
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made in vitro by Martin Schwickart. He found that Mnd2 inhibits ubiquitination 
of Pds1 by APC/C-Ama1 but Mnd2 did not compromise Ama1’s binding to the 
APC/C in vitro (Oelschlaegel et al., 2005). How Mnd2 interferes with APC/C-
Ama1’s catalytical activity remains to be investigated. New insights into this 
question might also help to elucidate APC/C’s mechanistic function as an 
ubiquitin ligase. 
 
Regulation of APC/C-Ama1 
APC/C-Ama1 is regulated on several different levels. First, AMA1 transcription 
is restricted to meiosis and the AMA1 transcript has to be spliced by the meiosis-
specific splicing factor Mer1 (Cooper et al., 2000). APC/C-Ama1 is assembled 
during meiotic S-phase. APC/C-Ama1 is activated at the metaphase to anaphase 
transition of meiosis I where it contributes to the timely destruction of Pds1. 
During premeiotic S- and prophase I, APC/C-Ama1 is inhibited APC/C subunit 
Mnd2. This inhibition is specific to premeiotic S- and prophase I, because mnd2∆ 
cells that were able to undergo meiotic nuclear divisions (e.g. spo11∆ mnd2∆ cells) 
could accumulate Pds1 upon formation of a metaphase spindle. This suggests 
that Ama1 is inactivated at metaphase by an Mnd2-independent mechanism. A 
likely candidate for this Mnd2-independent inhibition is M-phase-promoting 
Cdk1 activity, which is highest at metaphase. Consistent with this hypothesis, 
expression of the M-phase-promoting cyclin Clb1 early during meiosis, but not 
expression of the S-phase-promoting cyclin Clb5, could restore accumulation of 
Pds1 during S- and prophase I in mnd2∆ cells. Thus, APC/C-Ama1 might be 
inhibited at metaphase by high M-phase-promoting Cdk1 activity. Likewise, Joao 
Matos from our laboratory found that inactivation of Cdk1 activity is required 
for the activation of APC/C-Ama1 in cells arrested at metaphase of meiosis I 
(Oelschlaegel et al., 2005). Ama1 itself seems to be a target of a kinase with Cdk1-
like specificity. Ama1 contains eight Ser/Thr-Pro sites, and mutation of these 
sites to Ala-Pro removed all prophase I phosphorylations of Ama1. Whether M-
phase-promoting Cdk1 activity acts directly on Ama1 in order to inhibit APC/C-
Ama1 remains to be investigated. Inactivation of Cdk1 activity depends on the 
activation of APC/C-Cdc20, which promotes the destruction of M-phase-
promoting cyclins. Therefore, Cdc20 might be necessary to activate APC/C-
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Ama1 at the onset of anaphase I. APC/C-Cdc20 is kept inactive at metaphase by 
the spindle assembly checkpoint (SAC) until all kinetochore-microtubule 
interactions have been established in a proper manner. As APC/C-Ama1 is 
activated by APC/C-Cdc20, this mechanism enables cells to ensure that the SAC 
is not bypassed by the activity of APC/C-Ama1 and thereby this mechanism 
ensures accurate chromosome segregation during meiosis I. 
Activation of APC/C-Ama1 at the metaphase to anaphase transition of meiosis I 
occurs in the presence of Mnd2. This implies that Mnd2 has lost its ability to 
inhibit APC/C-Ama1 at this time. Furthermore, Mnd2’s degradation at the onset 
of anaphase II was not essential for the activation of APC/C-Ama1. Therefore, in 
addition to degradation, Mnd2 is inactivated by at least one other mechanism. 
Mnd2 is increasingly phoshorylated during meiosis. It is tempting to speculate 
that Mnd2’s inactivation might be mediated by a phosphorylation event around 
metaphase onset. Importantly, kinases like Cdc28 and the polo kinase Cdc5 are 
active at this stage. These kinases might be candidates for Mnd2’s inactivation.  
Based on these data the following model can be proposed. During premeiotic S- 
and prophase I, APC/C-Ama1’s activity is restricted by the inhibitory APC/C 
subunit Mnd2. At metaphase, APC/C-Ama1 is kept in check by the high level of 
M-phase-promoting Cdk1 activity. At the same time, Mnd2 is inactivated by an 
as yet unknown mechanism, which might involve phosphorylation of Mnd2. 
APC/C-Cdc20-mediated cyclin destruction at the onset of anaphase I results in 
low Cdk1 activity and thereby activates the APC/C-Ama1, which is no longer 





Figure 26: Model of the regulation of APC/C-Ama1 
APC/C-Ama1 is inhibited by Mnd2 during from premeiotic S- until prophase I. At metaphase 
Mnd2 is inactivated by meiosis-specific phosphorylation. At the same time, APC/C-Ama1 is kept 
inactive by high M-phase promoting Cdk activity. At early anaphase APC/C-Cdc20 initiates the 
degradation of securin/Pds1. Simultanously, APC/C-Cdc20 promotes low Cdk activity by 
mediating the destruction of M-phase promoting cyclins like Clb1. This results in the activation 
of APC/C-Ama1, which contributes to the destruction of securin/Pds1 at late anaphase. 
 
Role of APC/C-Ama1 during meiosis 
Ama1 appeared during meiotic DNA replication and accumulated in the cells 
during the whole meiotic process. As soon as Ama1 appeared in the cells, it 
could be found associated with the APC/C. This study showed that APC/C-
Ama1 is first active at the metaphase-to-anaphase transition of meiosis I, where 
APC/C-Ama1 contributes to the timely destruction of the anaphase inhibitor 
Pds1. ama1∆ cells accumulated meiosis I spindles, probably due to the delay in 
Pds1 destruction. In addition, APC/C-Ama1 is essential for sporulation, a 
differentiation process that proceeds after the second meiotic nuclear division. 
Immunoblot analysis of extracts from ama1∆ cells showed that several APC/C 
substrates, including Cdc20, Clb1 and Clb3, accumulated at late stages of 
meiosis. Meiotic cells containing a deletion of the APC/C subunit SWM1 also 
show a similar phenotype. Similar to ama1∆ cells swm1∆ mutants are also 
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defective in the sporulation process. This defect could be partially rescued by 
overexpression of the Cdk1-cyclin B inhibitor Sic1 indicating that timely 
sporulation is defective in swm1∆ cells because of inefficient inactivation of Cdk1 
(Schwickart et al., 2004). ama1∆ cells might also be defective in sporulation 
because of inefficient inactivation of Cdk1. Consistent with this idea, the 
sporulation defect of ama1∆ cells can be rescued by the Cdk1 mutant allele   
cdc28-4 (McDonald et al., 2005). 
 
Identification of APC/C-Ama1 substrates 
Mnd2 is not only required for the appearance of Pds1 but for the normal 
accumulation of a specific set of APC/C substrates. Activation of APC/C-Ama1 
did not affect the stability of other classical APC/C substrates like the 
microtubule motors Kip1 and Cin8, but strongly reduced the levels of the S-
phase-promoting cyclin Clb5. Clb5 is required for the timely execution of meiotic 
S-phase. clb5∆ cells replicate with a delay of 4 hours (Stuart and Wittenberg, 
1998). Nevertheless, replication in mnd2∆ was not detectably impaired, 
demonstrating that the amount of Clb5 in mnd2∆ cells is still high enough to 
replicate normally. Additionally, APC/C activity in mnd2∆ cells reduced also the 
levels of Shugosin (Sgo1), a centromeric protein that is required to protect 
cohesin at the centromeres in meiosis I (Katis et al., 2004a; Kitajima et al., 2004; 
Marston et al., 2004b; Rabitsch et al., 2004). Low levels of Sgo1 seem to result 
from APC/C-dependent ubiquitination rather than cleavage by separase because 
Sgo1 levels are unaffected in cells lacking Pds1. Similar conclusions were 
withdrawn from results obtained with mitotic cells (Indjeian et al., 2005). Sgo1 
disappears from centromeres at anaphase II (Katis et al., 2004a; Kitajima et al., 
2004; Marston et al., 2004b) How Sgo1 is spared from the activity of APC/C-
Ama1 during the first meiotic division remains to be investigated.  
Aside from the APC/C-Ama1 targets that were identified, this study provides 
evidence for at least one unidentified APC/C-Ama1 substrate. Inactivation of 
separase by expression of a nondegradable version of Pds1 early during meiosis 
in mnd2∆ cells restored sister chromatid cohesion. Nevertheless, these cells 
arrested in prophase I, most likely due to the pachytene checkpoint. Similar 
results were obtained with mnd2∆ esp1-2 cells. This suggests that in addition to 
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Pds1, APC/C-Ama1 affects the stability of another unidentified protein that is 
required to pass the pachytene checkpoint. Such a protein could be implicated in 
recombination or synapsis.  
Degradation of Kip1 is mediated by APC/C-Cdc20 while degradation of Cin8 
depends on APC/C-Cdh1 (Gordon and Roof, 2001; Hildebrandt and Hoyt, 2001). 
Neither Cin8 nor Kip1 seem to be substrates of APC/C-Ama1, at least during 
early meiosis. This suggests that APC/C-Ama1 catalyzes the ubiquitination of a 
certain set of substrates that is different from APC/C-Cdc20 and APC/C-Cdh1. 
How APC/C-Ama1 targets are specified remains unknown. Pds1 contains two 
motifs that are required for APC/C-dependent proteolysis, a D-box and a KEN-
box. Complete stabilization of Pds1 in meiotic mnd2∆ cells could be achieved 
after mutating both sequences. This shows that both, the D-box and the KEN-box  
are required for the recognition by APC/C-Ama1. However, these sequences are 
required but not sufficient for APC/C-Ama1-dependent proteolysis, because 
certain substrates that contain a D-box or KEN-box are not APC/C-Ama1 
substrates. For example, Cin8 contains a KEN-box but its stability is unaffected in 
mnd2∆ cells. Further studies are required to solve this problem. 
 
Evidence for a separase substrate other than Rec8 that is required for 
chromosome synapsis 
Sister chromatid cohesion is required during meiotic prophase I for 
recombination and synapsis, specifically the formation of the synaptonemal 
complex (SC) (Klein et al., 1999). Meiotic mnd2∆ cells lack cohesion due to 
premature cleavage of the meiotic cohesin subunit Rec8 due to unrestrained 
separase activity, which results in premature cleavage of the meiotic cohesin 
subunit Rec8. As cohesin is required for the formation of chromosomal axes, 
mnd2∆ cells are not able to perform chromosome synapsis. Interestingly, this 
work and Penkner et al. (2005) showed that cohesion could be restored in mnd2∆ 
cells by the inactivation of separase and by noncleavable Rec8. However, in 
contrast to mnd2∆ cells with inactivated separase, mnd2∆ REC8-N cells still 
showed severe defects in chromosome synapsis. This result indicates that 
separase might cleave a substrate other than Rec8 during meiotic prophase I in 
mnd2∆ mutants, and this putative substrate might be implicated in chromosome 
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synapsis. A candidate for such a separase substrate is the mitotic kleisin Scc1, of 
which tiny amounts are present during meiosis although it is largely replaced by 
Rec8 (Klein et al., 1999). Immunoblot analysis showed that the amount of full-
length Scc1myc9 present in prophase I decreased upon deletion of MND2, 
indicating that separase also cleaves Scc1 during prophase I in mnd2∆ cells (data 
not shown). However, cells with containing a temperature sensitive mutant scc1-
73 are able to produce largely viable spores (Klein et al., 1999), suggesting that 
inactivation of Scc1 does not results in defective recombination or failure of 
synapsis. This argues against Scc1 being the unknown separase substrate. During 
meiotic prophase, many proteins that function in recombination and 
chromosome synapsis accumulate, cleavage by separase might a way to get rid 
of these proteins during meiosis I. 
 
Implications for the regulation of meiotic chromosome segregation 
In mitosis, phosphorylation of cohesin’s kleisin subunit Scc1 by the polo kinase 
Cdc5 is essential for its cleavage by separase (Alexandru et al., 2001). 
Additionally, the activity of Cdc5 is required for the cleavage of Rec8 during 
meiosis I. Cdc5 is implicated in the efficient degradation of Pds1 and in the 
hyperphosphorylation of Rec8, which was proposed to target it for cleavage by 
separase (Clyne et al., 2003; Lee and Amon, 2003). Interestingly, cells lacking 
Pds1 during S- and prophase I were able to cleave cohesin although they contain 
little if any Cdc5 activity, because Cdc5 expression is Ndt80-dependent. Sister 
chromatids separated prematurely even in mnd2∆ cells expressing Cdc5 solely 
from the mitosis-specific SCC1-promoter (Data not shown), suggesting that Cdc5 
is not required for the cleavage of cohesin during S- and prophase I. Therefore, 
Cdc5 might help to cleave cohesin during meiosis I, but unlike during mitosis 
Cdc5 is not essential for the cleavage of cohesin by separase. Nevertheless, Rec8 
is phosphorylated as soon as cells enter premeiotic S-phase. This phophorylation 






Conservation of Mnd2 throughout evolution 
Database searches with Mnd2 revealed some sequence similarity between Mnd2 
from S. cerevisiae and Apc15 from S. pombe. Like Mnd2, Apc15 has been identified 
as a subunit of the APC/C. Similar to Mnd2, Apc15 is not essential for 
proliferation nor are apc15∆ mutants is not temperature-sensitive for growth. 
However, in contrast to the MND2 knockout in budding yeast, deletion of APC15 
in fission yeast did not compromise sporulation or spore viability, suggesting 
that apc15∆ mutants undergo meiosis successfully without errors in chromosome 
segregation (Schwickart et al., 2004; Yoon et al., 2002b). Whether Apc15 a potent 
inhibitor of the meiosis-specific APC/C like Mnd2 remains to be investigated. In 
S. pombe the meiosis-specific form of the APC/C, APC/C-Mfr1 assembles during 
meiosis I. Like APC/C-Ama1, APC/C-Mfr1 is required during late meiosis for 
sporulation, where it is involved in the proper destruction of the cyclin Cdc13. In 
contrast to Ama1, Mfr1 is not expressed during meiotic S- and prophase I 
(Asakawa et al., 2001; Blanco et al., 2001). Thus, there is no physiological need for 
an inhibitor of APC/C-Mfr1 during S- and prophase I. Nevertheless, Mnd2 and 
Apc15 could have similar functional properties. This remains to be investigated. 
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Diploid strains derived from the SK1 strain background K8271 (ho::LYS2 ura3 
leu2::hisG trp1::hisG his3::hisG) were used for all meiotic experiments. Mutations 
are homozygous, unless stated otherwise (e.g. REC8ha3 is homozygous, 
REC8/REC8ha3 is heterozygous). Haploid strains derived from the W303 
background (ho ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3-1) were used in 
Figure 18. SK1 strains containing esp1-2, REC8ha3, REC8-N-ha3 have been 
described (Buonomo et al., 2000). SK1 strains containing CenV, ura3, and TelV 
marked with GFP have been published previously (Klein et al., 1999; Toth et al., 
2000).  
 
Construction of yeast strains 
PCR-generated cassettes were used for gene deletions (Goldstein et al., 1999; 
Wach et al., 1994) and C-terminal tagging with Myc and HA (Knop et al., 1999). 
Promoter replacements were performed with cassettes containing the SCC1 or 
the CLB2 promoter (Lee and Amon, 2003). To express modified versions of Pds1 
in meiosis (Fig. 13), PDS1myc18 was cloned behind the DMC1 promoter (-360 to -
1) into Yiplac128 (Gietz and Sugino, 1988). The plasmid was cut with PpuMI and 
integrated into the leu2∆::hisG locus of SK1. PDS1myc18(mDK)myc18 contains 
mutations in the KEN-box (K8EN to AAA) and the D-box (R85LPL to ALPA). To 
create SK1 AMA1m8 strains (Figure 20A and B) the AMA1 gene (-497 to +2004, 
ATG = +1) (Cooper et al., 2000) was cloned into Yiplac128 and all SP and TP sites 
were mutated to AP. The plasmid was cut with PstI and integrated into the 
AMA1 promoter of the ama1::KanMX4 locus. AMA1m8 mnd2∆ cells lacked Pds1 
(Figure 20A) indicating that the Ama1m8 protein is functional. Yiplac128 with 
wild-type AMA1 was used to construct control strains. To increase MND2 
expression at later stages of meiosis (Figure 21) the MND2 open reading frame 
(ORF) was cloned behind the GAL1 promoter into Yiplac128. The plasmid was 
integrated at the leu∆::hisG locus of an SK1 APC2myc9 strain expressing the 
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estradiol-activatable transcription factor Gal4-ER from the GPD promoter 
(Benjamin et al., 2003). To express MND2 exclusively from the early meiotic 
DMC1 promoter the MND2 ORF was cloned behind the DMC1 promoter into 
Yiplac128 and the resulting plasmid was linearized with PflMI and integrated at 
the leu2∆::hisG locus of an SK1 mnd2∆ strain. To analyze the induction of meiosis-
specific expression in SK1 cdh1∆ (Figure 17C), a Yiplac128-based plasmid 
containing REC8-N-ha3 (Buonomo et al., 2000) was cut with MluI and integrated 
into the REC8 promoter. To express Ama1 in W303 cells (Figure 19), a Myc9 tag 
was inserted after the ATG of an AMA1 cDNA (a gift from Katharina Cooper). 
AMA1 contains an intron spliced only in meiosis (Cooper et al., 2000). Myc9-
cAMA1 was cloned behind the GALL promoter (Mumberg et al., 1994) into 
Yiplac128 and integrated into the leu2 locus. The CLB1 ORF without stop codon 
was cloned with CLB1 terminator and with a C-terminal HA6 sequence behind 
the DMC1 promoter into Yiplac128. Similar, the CLB5 ORF without stop codon 
was cloned with CLB5 terminator and with a C-terminal HA3 sequence behind 
the DMC1 promoter into Yiplac128. Both constructs were cut with ClaI and 
integrated at the leu2∆::hisG locus of a SK1 mnd2∆ strain. 
 
Meiotic time course experiments 
Unless specified, induction of meiosis was performed at 30 °C. Four different 
single colonies grown on YP-glycerol plates were spread on YPD plates and 
grown for 24 h. After 24 h the size of each patch should be ½ - 1 of a plate. At the 
same time cells from these 4 clones were tested for sporulation on a sporulation 
medium (SPM) plate (2% potassium actetate). Cells from the best sporulating 
clone were resuspended from the YPD plate into 20 ml YPA (YP plus 2% K-
acetate) and inoculated into 250 ml YPA in 2.8 l flask to OD600 ~ 0.3 and grown 
for 12 hr (OD600 ~ 1.7) at 30˚C, 15-16 h at 25˚C or 18 h at 21˚ C in a shaker at 250 
rpm. When ≥ 90% of cells were unbudded, cells were spin down (2 min, 
5000rpm), washed once with sporulation medium (SPM, 2% potassium acetate) 
and inoculated SPM to OD600 ~ 3 – 3.5 (t = 0). Samples to monitor meiotic nuclear 
divisions, for indirect immunofluorescence, to measure DNA content, for 
chromosome spreading, to monitor sister chromatid separation and to analyze 
proteins were taken every 1-2 hours. 
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Cellular DNA content 
Cellular DNA content of propidium iodide (PI)-stained cells was measured on a 
Becton Dickinson FACScan flow cytometer with CellQuest software (Epstein and 
Cross, 1992).  
 
Indirect immunofluorescence 
Indirect immunofluorescence was carried out as described (Salah and Nasmyth, 
2000). Pds1myc18 was detected using a rabbit polyclonal α-Myc antibody 
(Gramsch) at a 1:200 dilution and an α-rabbit CY3 antibody (Jackson 
ImmunoReasearch). Tubulin was detcted using a mouse monoclonal α-alpha 
tubulin DM1α antibody (S. Blose) or using an rat monoclonal α-alpha tubulin 
(YOL1/34, Serotec) at a 1:250 dilution and an α-rat CY5 antibody (Jackson 
ImmunoResearch) at a 1:50 dilution. Mnd2myc18 was detected using a rabbit 
polyclonal α-Myc antibody (Santa Cruz Biotechnology) at a 1:200 dilution and an 
α-rabbit CY3 antibody (Jackson ImmunoResearch) at a 1:200 dilution. Detection 
of Rec8-N-ha3 was done using an α-HA monoclonal antibody (Covance 16B12) at 
a 1:500 dilution and an α-mouse CY3 antibody (Jackson ImmunoReasearch) at a 
1:500 dilution. 
 
Monitoring meiotic nuclear divisions 
Ethanol-fixed cells were stained with DAPI (0.5 µg/ml) to score the first (two or 
more nuclei) and the second division (three or four nuclei). 
 
Monitoring sister chromatid separation 
In yeast, whose chromosomes are not visible during mitosis and meiosis by 
conventional cytological techniques, sister chromatid cohesion can be measured 
by visualizing the location tetracycline (Tet) repressor proteins fused to GFP, 
which are bound to Tet operator arrays inserted at various locations within the 
genome. This system can be used to monitor sister chromatid separation during 
meiosis. Therefore one copy of chromosome V was marked with GFP at different 
loci: 1.4 kb from the centromere (CenV-GFP), 35 kb from the centromere (URA3-
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GFP) and 30 kb from the right telomere (TelV-GFP) (Klein et al., 1999; Toth et al., 
2000). The observation of GFP-marked sister chromatids was done as described 
in (Michaelis et al., 1997).  
 
Chromosome spreading 
Chromosome spreading was performed as described (Loidl et al., 1998), except 
that the cells were spheroblasted in a buffer with 1.2 M sorbitol and 2% 
potassium acetate. In brief, cells from 1 ml of sporulation culture were spun 
down and resuspended in 200 µl of spheroblasting solution (2% potassium 
acetate 1.2 M sorbitol. 2 µl of 1 M DTT) was added and cells were incubated 15 
min at 30˚C and 5 µl of zymolase (T100, 1 mg/ml) was added. Cells were 
digested with zymolase until 80% of the cells lysed in 1% N-Laurylsarcosine. The 
reaction was stopped by adding of 1 ml ice-cold Stop Solution (0.1 M MES, 1 mM 
EDTA, 0.5 mM MgCl2, adjusted with NH4OH to pH 6.4). Spheroblasts were spun 
down at low speed (2 min, 3000 rpm) and resuspended in 100 µl of Stop Solution. 
On a clean microscopy slide 20 µl of spheroblast suspension was prefixed with 40 
µl of fixative (4% paraformaldehyde, 3.4% sucrose), lysed with 80 µl of 1% lipsol, 
and fixed with 80 µl of fixative. Slides were dried over night, either stored at -
20˚C or directly washed with PBS for 15 min in a coplin jar. For immunostaining 
slides were blocked with PBS-BSA (50mM potassium phosphate buffer pH 7.4 
with 0.15 M NaCl, and 0.1% NaN3, 1% BSA). Antibodies were diluted into PBS-
BSA and incubated onto slides (ca. 100 µl diluted antibody per slide) for 2 - 4 h. 
After every incubation, slides were washed in PBS for 5 – 10 min. Slides were 
mounted with 30 µl pd-DAPI (10% PBS, p-phenylenediamine at 1 mg/ml, DAPI 
at 0.05 µg/ml and 90% glycerol, adjust to pH 8.0).  
Rec8ha3 was detected using an α-HA antibody (Covance 16B12) at a 1:500 
dilution and an α-mouse CY3 antibody (Jackson ImmunoReasearch) at a 1:500 
dilution. Zip1 was detected using a rabbit polyclonal α-Zip1 antibody at a 1:200 





Analysis of proteins 
Protein levels were analyzed by immunoblotting after breaking cells with glass 
beads in 10% trichloroacetic acid (TCA). For immunoprecipitations, 0.2 M PMSF 
in DMSO was diluted 1:100 into the culture. Cells were washed with cold water 
plus PMSF/DMSO and processed for immunoprecipitations as described 
(Camasses et al., 2003), except that the breakage buffer contained the protease 
inhibitors 5 mM Pefabloc, 2 mM PMSF, 2 mM benzamidine, 2 mg/ml pepstatin, 2 
mg/ml leupeptin, and Complete (Roche). In brief, cells were resuspended in B70 
buffer (50mM HEPES-KOH pH 7.4, 70 mM potassium acetate, 1mM NaF, 20 mM 
β-glycerolphophate, 5mM magnesium acetate, 0.1% Triton X-100, 10% Glycerol) 
broken with glass beads for 5 x 4 min on a vibrax. Between the vibrax-runs cells 
were cooled in ice. The cell lysate was collected and cleared by centrifugation at 
4˚C for 25 min at 13,000 rpm. The cleared extracts (3-5 mg of total protein in a 
volume of 300 – 400 µl) were first pre-cleared with 100 µl of protein A-Sepharose 
beads and then incubated with antibodies for 1 h. Antibodies were captured with 
40 µl of protein A-Sepharose beads for 30 – 45 min and the beads were washed 
with the following buffers: 2x B70 plus BSA (1 mg/ml), B150, B200 and 2 x B70 
(B150 and B200 are identical to B70 buffer, but contains 150 mM and 200 mM 
potassium acetate, respectively). The isolated immunoprecipitates were analyzed 
by immunoblot analysis. 
 
Phosphatase assay 
Immunoprecipitates (see analysis of proteins) were incubated for 30 min at 37˚C 
with calf intestinal alkaline phosphatase (0.4 U/µl, Roche) with or without 
phosphatase inhibitors (10 mM NaF, 20 mM β-glycerolphosphate, and 20 mM 




Rabbit antibodies were raised against GST-Pds1, His6-Mnd2, His6-Ama1. Aliona 
Bogdanova expressed the fusion proteins in E. coli and antibodies were raised at 
Eurogentech, Seraing, Belgium. Antibodies to APC/C subunits, to Cdc20, and 
Cdh1 have been described (Camasses et al., 2003; Schwickart et al., 2004). Clb5 
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(sc-6704, Santa Cruz), Cdc5 (sc-6732, Santa Cruz) were detected with indicated 
antibodies. Ha was detected either by mouse monoclonal antibody 12CA5 or 
16B12 (Covance). Myc9 was detected by mouse monoclonal antibody 9E10, or by 
the rabbit polyclonal antibodies A-14 (Santa Cruz biotechnology) and Cm-100 
(Gramsch Laboratories). Antisera to other proteins were kindly provided by 
Anthony Hyman (Cin8, and Kip1), David Drechsel (Clb2, and Clb3), Wolfgang 
Seufert (Tub2), and Karin Schmekel (Zip1). 
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Table 1. S. cerevisiae strains  
 
Strain Relevant Genotype1 
Z2465 SK1 MATa/MATα MND2ha6::KlTRP1 
Z2638 SK1 MATa/MATα MND2ha9::KlTRP1 cdh1::Myc18-CDH1-LEU2 
Z2644 SK1 MATa/MATα MND2ha9::KlTRP1 cdc20::Myc18-CDC20-TRP1 
Z2646 SK1 MATa/MATα ama1::Myc18-AMA1-URA3 MND2ha9::KlTRP1 
Z2828 SK1 MATa/MATα PDS1myc18::KlTRP1 
Z2829 SK1 MATa/MATα mnd2Δ::KanMX4 PDS1myc18::KlTRP1 
Z3023 SK1 MATa/MATα MND2myc18::HIS3MX6 
Z3052 SK1 MATa/MATα ama1: Myc18-AMA1-URA3 
Z3157 SK1 MATa/MATα mnd2Δ::KanMX4 PDS1/PDS1myc18::KlTRP1 
Z3184 SK1 MATa/MATα mnd2∆::KanMX4 ama1∆::KanMX4 
PDS1myc18::KlTRP1 
Z3264 SK1 MATa/MATα ama1Δ::KanMX4 PDS1myc18::KlTRP1 
Z3391 SK1 MATa/MATα spo11Δ::URA3 mnd2::KanMX4 
PDS1myc18::KlTRP1 
Z3392 SK1 MATa/MATα spo11Δ::URA3 PDS1myc18::KlTRP1 
Z3393 SK1 MATa/MATα spo11Δ::URA3 spo13Δ::HIS3MX6 
PDS1/PDS1myc18::KlTRP1 ura3/ura3::tetO224-URA3 leu2/leu2::PURA3-
tetR-GFP-LEU2 




Z3456 SK1 MATa/MATα mnd2Δ::KanMX4 cdc20::KanMX6::PCLB2-CDC20 
PDS1/PDS1myc18::KlTRP1 
Z3464 SK1 MATa/MATα leu2/leu2::PDMC1-PDS1myc18-LEU2 
ura3/ura3::tetO224-URA3 leu2/leu2::PURA3-tetR-GFP-LEU2 
Z3465 SK1 MATa/MATα leu2/leu2::PDMC1-PDS1(mDK)myc18-LEU2 
ura3/ura3::tetO224-URA3 leu2/leu2::PURA3-tetR-GFP-LEU2 
Z3467 SK1 MATa/MATα mnd2Δ::KanMX4 leu2/leu2::PDMC1-PDS1myc18-
LEU2 ura3/ura3::tetO224-URA3 leu2/leu2::PURA3-tetR-GFP-LEU2 
Z3493 SK1 MATa/MATα mnd2Δ::KanMX4 leu2/leu2::PDMC1-
PDS1(mDK)myc18-LEU2 ura3/ura3::tetO224-URA3 leu2/leu2::PURA3-
tetR-GFP-LEU2 
Z3694 SK1 MATa/MATα mnd2Δ::KanMX4 cdh1Δ::HIS3MX6 
PDS1myc18::KlTRP1 
Z3702 SK1 MATa/MATα esp1-2 mnd2Δ::KanMX4 
PDS1/PDS1myc18::KlTRP1 ura3/ura3::tetO224-URA3 leu2/leu2::PURA3-
tetR-GFP-LEU2 
Z3813 SK1 MATa/MATα mnd2Δ::KanMX4 ama1Δ::KanMX4 
PDS1/PDS1myc18::KlTRP1 ura3/ura3::tetO224-URA3 leu2/leu2::PURA3-
tetR-GFP-LEU2 
Z3872 SK1 MATa/MATα mnd2Δ::KanMX4 PDS1myc18::KlTRP1 
CenV/CenV::tetO224-HIS3 leu2/leu2::PURA3-tetR-GFP-LEU2 




Z3932 SK1 MATa/MATα ndt80Δ::HIS3 mnd2Δ::KanMX4 
PDS1/PDS1myc18::KlTRP1 ura3/ura3::tetO224-URA3 leu2/leu2::PURA3-
tetR-GFP-LEU2 
Z3933 SK1 MATa/MATα ndt80Δ::HIS3 PDS1/PDS1myc18::KlTRP1 
ura3/ura3::tetO224-URA3 leu2/leu2::PURA3-tetR-GFP-LEU2 
Z4061 SK1 MATa/MATα pds1::KanMX6::PSCC1-Ha3-PDS1 
ura3/ura3::tetO224-URA3 leu2/leu2::PURA3-tetR-GFP-LEU2 
Z4113 W303 MATa leu2::PGALL-Myc9-cAMA1-LEU2 PDS1ha6::HIS3MX6 
Z4118 W303 MATa leu2::PGALL-Myc9-cAMA1-LEU2 PDS1ha6::HIS3MX6 
mnd2Δ::KanMX4 
Z4136 SK1 MATa/MATα ndt80Δ::HIS3 mnd2Δ::KanMX4 ama1::KanMX4 
PDS1/PDS1myc18::KlTRP1 ura3/ura3::tetO224-URA3 leu2/leu2::PURA3-
tetR-GFP-LEU2 
Z4168 SK1 MATa/MATα ndt80∆::HIS3 Myc18-AMA1-URA3 
Z4308 SK1 MATa/MATα ama1Δ::KanMX4 PDS1/PDS1myc18::KlTRP1 
ura3/ura3::tetO224-URA3 leu2/leu2::PURA3-tetR-GFP-LEU2 
Z4386 SK1 MATa/MATα ndt80Δ::HIS3 ubr1Δ::KlTRP1 REC8/REC8ha3-
LEU2::rec8Δ::KanMX4 
Z4388 SK1 MATa/MATα ndt80Δ::HIS3 ubr1Δ::KlTRP1 mnd2Δ::CaURA3 
REC8/REC8ha3-LEU2::rec8Δ::KanMX4 
Z4437 SK1 MATa/MATα leu2::PGAL-MND2-LEU2 ura3::PGPD-GAL4-ER-
URA3 PDS1myc18::KlTRP1 
Z4439 SK1 MATa/MATα ndt80∆::HIS3 PDS1myc18::KlTRP1 leu2::PGAL-
MND2-LEU2 ura3::PGPD-GAL4-ER-URA3 PDS1myc18::KlTRP1  
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Z4546 SK1 MATa/MATα apc2::APC2myc9-TRP1 leu2::PGAL-MND2-LEU2 
ura3::PGPD-GAL4-ER-URA3 
Z4619 SK1 MATa/MATα ndt80Δ::HIS3 REC8ha3-LEU2::rec8Δ::KanMX4 
Z4620 SK1 MATa/MATα ndt80Δ::HIS3 mnd2Δ::KanMX4 ama1Δ::CaURA3 
REC8ha3-LEU2::rec8Δ::KanMX4 
Z4621 SK1 MATa/MATα ndt80Δ::HIS3 mnd2Δ::KanMX4 REC8ha3-
LEU2::rec8Δ::KanMX4 
Z4703 SK1 MATa/MATα ndt80Δ::HIS3 mnd2Δ::KanMX4 
SGO1myc9::KlTRP1 
Z4726 SK1 MATa/MATα ndt80Δ::HIS3 SGO1myc9::KlTRP1 




SK1 MATa/MATα PDS1/PDS1myc18::KlTRP1 ura3/ura3::tetO224-
URA3 leu2/leu2::PURA3-tetR-GFP-LEU2 
Z4869 SK1 MATa/MATα mnd2Δ::KanMX4 swm1Δ::KanMX4 
PDS1/PDS1myc18::KlTRP1 ura3/ura3::tetO224-URA3 leu2/leu2::PURA3-
tetR-GFP-LEU2 
Z4891 SK1 MATa/MATα mnd2Δ::KanMX4 cdc27-663 
PDS1/PDS1myc18::KlTRP1 ura3/ura3::tetO224-URA3 leu2/leu2::PURA3-
tetR-GFP-LEU2 
Z4975 SK1 MATa/MATα ndt80Δ::HIS3 mnd2Δ::CaURA3 REC8-N-ha3-
LEU2::rec8Δ::KanMX4 
Z4976 SK1 MATa/MATα ndt80Δ::HIS3 mnd2Δ::KanMX4 rec8::REC8ha3-
URA3 leu2/leu2::PDMC1-PDS1(mDK)myc18-LEU2 
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Z4977 SK1 MATa/MATα ndt80Δ::HIS3 swm1Δ::KanMX4 mnd2Δ::KanMX4 
rec8::REC8ha3-URA3 
Z4980 SK1 MATa/MATα mnd2Δ::KanMX4 spo11Δ::HIS3MX6 
PDS1/PDS1myc18::KlTRP1 ura3/ura3::tetO224-URA3 leu2/leu2::PURA3-
tetR-GFP-LEU2 
Z5163 SK1 MATa/MATα ndt80Δ::HIS3 mnd2Δ::KanMX4 ama1Δ::CaURA3 
SGO1myc9::KlTRP1 
Z5187 SK1 MATa/MATα apc2::APC2myc9-TRP1 
Z5314 SK1 MATa/MATα rec8Δ::KanMX4 PDS1/PDS1myc18::KlTRP1 
ura3/ura3::tetO224-URA3 leu2/leu2::PURA3-tetR-GFP-LEU2 
Z5319 SK1 MATa/MATα mnd2Δ::KanMX4 PDS1myc18::KlTRP1 
leu2::PDMC1-CLB1ha6-LEU2 
Z5331 SK1 MATa/MATα mnd2Δ::KanMX4 PDS1myc18::KlTRP1 
leu2::PDMC1-CLB5ha3-LEU2 
Z5402 SK1 MATa/MATα ndt80Δ::HIS3 REC8-N-ha3-LEU2::rec8Δ::KanMX4 
Z5430 SK1 MATa/MATα mnd2Δ::KanMX4 PDS1/PDS1myc18::KlTRP1 
BMH1/BMH1::tetO224-URA3 leu2/leu2::PURA3-tetR-GFP-LEU2 
Z5431 SK1 MATa/MATα PDS1/PDS1myc18::KlTRP1 
BMH1/BMH1::tetO224-URA3 leu2/leu2::PURA3-tetR-GFP-LEU2 
Z5472 SK1 MATa/MATα mnd2Δ::KanMX4 REC8-N-ha3-
TRP1::rec8Δ::KanMX4 ura3/ura3::tetO224-URA3 leu2/leu2::PURA3-tetR-
GFP-LEU2 
Z5488 SK1 MATa/MATα PDS1/PDS1myc18::KlTRP1 




Z5588 SK1 MATa/MATα ndt80Δ::HIS3 mnd2Δ::KanMX4 AMA1-
LEU2::ama1Δ::CaURA3 
Z5589 SK1 MATa/MATα ndt80Δ::HIS3 AMA1-LEU2::ama1Δ::CaURA3 
Z5590 SK1 MATa/MATα ndt80Δ::HIS3 mnd2Δ::KanMX4 AMA1m8-
LEU2::ama1Δ::CaURA3 
Z5591 SK1 MATa/MATα ndt80Δ::HIS3 AMA1m8-LEU2::ama1Δ::CaURA3 
Z5721 SK1 MATa/MATα mnd2Δ::KanMX4 PDS1myc18::KlTRP1 
REC8/REC8::REC8-N-ha3-LEU2 
Z5722 SK1 MATa/MATα PDS1myc18::KlTRP1 REC8/REC8::REC8-N-ha3-
LEU2 
Z5723 SK1 MATa/MATα mnd2Δ::KanMX4 cdh1Δ::HIS3MX6 
PDS1myc18::KlTRP1 REC8/REC8::REC8-N-ha3-LEU2 
Z5732 SK1 MATa/MATα cdh1Δ::HIS3MX6 PDS1myc18::KlTRP1 
REC8/REC8::REC8-N-ha3-LEU2 
Z5799 SK1 MATa/MATα spo11Δ::HIS3MX6 PDS1/PDS1myc18::KlTRP1 
ura3/ura3::tetO224-URA3 leu2/leu2::PURA3-tetR-GFP-LEU2 
Z5941 SK1 MATa/MATα esp1-2 ndt80Δ::HIS3 mnd2Δ::KanMX4 REC8ha3-
LEU2::rec8Δ::KanMX4 
Z5976 SK1 MATa/MATα mnd2∆::KanMX4 leu2/leu2::PDMC1-MND2-LEU2 
Z6017 SK1 MATa/MATα REC8/REC8ha3-URA3 ura3/ura3::tetO224-URA3 
leu2/leu2::PURA3-tetR-GFP-LEU2 pds1∆::HIS3MX6 
Z6194 SK1 MATa/MATα Myc18-AMA1::ama1∆::KanMX4 ndt80∆::HIS3 
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Z6195 SK1 MATa/MATα ndt80::HIS3 
 Myc18-AMA1m8LEU2::ama1∆::KanMX4 
  




1The background of diploid SK1 strains is ho::LYS2 lys2 ade2Δ::hisG trp1Δ::hisG 
leu2Δ::hisG his3Δ::hisG ura3. All mutations are homozygous, unless stated 
otherwise. W303 strain are haploid and contain ho ade2-1 trp1-1 can1-100 leu2-





APC/C anaphase promoting complex/cyclosome 
BSA  bovine serum albumin 
bp  base pairs 
cDNA  complementary DNA 
DAPI  4’, 6’ –Diamino-2-phenylindol 
DNA  deoxyribonucleic acid 
DMSO dimethyl sulfoxide 
DSB  double strand break 
DTT  dithiothreitol 
EDTA  ethylenediamine tetraacetic acid 
GFP  green fluorescence protein 
FITC  fluorescein isothiocyanate 
ha  epitope on influenza virus hemagglutinin 
  (protein sequence: YPYDVPDYA) 
HEPES N-2-hydroxyethylpiperazin-N’-2-ethane sulphonic acid 
igG  immunoglobin G 
kb  kilo base pairs 
MES  2-(N-morpholino) ethanesulfonic acid  
MgOAc magnesium acetate 
myc  human c-myc epitope (protein sequence: EQKLISEEDL) 
OD600  optical density at 600nm wavelenght 
PBS  phosphate bufferes saline 
PAGE  polyacrylamide gel electrophoresis 
PCR  polymerase chain reaction 
PMSF  phenylmethylsulphonyl fluoride 
rpm  revolutions per minute 
S  Svedberg 
SAC  spindle assembly checkpoint 
SC  synaptonemal complex 
SDS  sodium dodecyl sulphate 
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SPM  sporulation medium  
TCA  trichloroacetic acid 
Tris tris-(Hydroxymethyl)aminomethane, 2-amino, 2-(hydroxymethyl), 
1-3-propandiol 
wt wild-type 
YEPA 2% yeast extract peptone containing 2% potassium acetate 
YP yeast extract peptone 
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